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AN EXPERIMENTAL STUDY OF CONCRESCENCE IN 
THE EMBRYO OF CRYPTOBRANCHUS 
ALLEGHENIENSIS.! 


BERTRAM G. SMITH. 
I. INTRODUCTION. 


The concrescence theory is an attempt to establish a universal 
law for the formation of the embryo. It is also an attempt to 
apply to conditions found in the vertebrates, a law having a 
wide range of validity in the invertebrates. 

In its widest sense, concrescence may be defined as the building- 
up of the body of the embryo by the union along the median 
line, of parts that are previously laid down as separate bilateral 
foundations. The classical case is that of the leech (Whitman, 
’78), in which the entire body, excepting the head, is formed by 
concrescence. 

In the vertebrates the formation of the nerve tube by the appo- 
sition of the neural folds, and the formation of the gastral meso- 
derm in two more or less distinct halves which-later unite across the 
median line, come within the category of concrescence in this wide 
sense of the term. But the problem has usually been restricted 
to certain aspects of development intimately related to gastrula- 
tion. Thus, in the teleost the convergence*® of the germ ring 
until its materials coalesce to form the posterior part of the em- 
bryo, has been regarded as a process of concrescence. A very 
similar process occurs, though less conspicuously, in the am- 
phibian embryo. 


1 An abstract of this paper was read before the American Society of Zoologists 
at the meeting in Philadelphia, December 29, 1913. 

2 Since among authors there is no uniformity in the use of the words convergence, 
confluence and apposition in their relation to concrescence, I have felt free to use 
each term in the sense that seems to me the most appropriate. 
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There remains a more problematical phase of concrescence 
which has been studied in various vertebrates, and which I have 
recently investigated in the amphibian embryo. The question 
involved is this: during the process of overgrowth of the yolk 
by the dorsal lip of the blastopore, is material dorsal to the 
blastopore carried from both sides toward the median line? In 
other words, is there a confluence of material in the median 
line of that part of the embryo that is formed by overgrowth 


v v 





Fic. 1. Diagram showing in lateral view successive positions of the blastopore 
in the gastrula of Cryptobranchus allegheniensis. blp. and bip’. respectively indi- 
cate early and late positions of the dorsal lip of the blastopore; m is the morpho 
logical axis of the egg, and v the vertical axis determined by gravity. The cross 
indicates the position of the anterior end of the neural groove. 

Fic. 2. Diagram showing in lateral view the position of the embryonic body, 
and illustrating some features of embryo-formation, in the egg of Cryptobranchus 
allegheniensis. a to b (72°), the portion of the embryo formed in situ; 5 to c 
(60°), the portion of the embryo formed by overgrowth of the dorsal lip of the blasto- 
pore; c to d (about 16°), portion formed by convergence of the lateral and ventral 
lips of the blastopore; d to e (60°), distance travelled by the ventral lip of the 
blastopore. Other lettering as in the preceding figure. 


and in-turning of the dorsal lip of the blastopore? The problem 
as concerns the egg of Cryptobranchus may be more clearly 
pointed out with the aid of the accompanying figures (Figs. 1° 
and 2). In Fig. 1 the transverse lines indicate successive posi- 
tions of the blastopore, viewed from the lateral aspect. In 
Fig. 2 the relative amounts of the embryo formed in different 
ways are represented: about 72° of the anterior end of the embryo 
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is formed in situ, so far as overgrowth and convergence are con- 
cerned; about 16° of the posterior end of the embryo is formed 
by the convergence of material lying in the region of the lips 
of the blastopore; the remaining middle portion of the embryo, 
about 60° in extent, is formed in connection with overgrowth 
by the dorsal lip of the blastopore, with the possibility of con- 
fluence. It is the possibility of confluence in this region that 
we desire to investigate; also some details concerning convergence 
and the movements of the neural folds. 

The concept of concrescence, especially in the earlier stages 
of its history, has often been assumed to involve the idea of a 
certain amount of preformation in the parts that are brought 
together; they must be differentiated as the anlage of definite 
organs. In the present paper I shall neglect entirely this phase 
of the problem; the term concrescence is here employed without 
any implications as to the amount of differentiation in the regions 
concerned. 


Il. METHODS AND TECHNIQUE. 


Nearly all the previous experimental work on the problem of 
concrescence has been done by mechanical methods: an injury 
of some sort has been inflicted on the living egg and the result 
in later stages noted. The usual mode of procedure has been to 
prick the egg with a fine needle, making a slight puncture suf- 
ficient only to establish a landmark by means of which the move- 
ment of materials may be followed. 

The present study is an attempt to apply the method of vital 
staining to the solution of this problem. The advantage of this 
method is that extensive markings may be made without in the 
least interfering with the normal course of development. From 
Goodale (’11) was obtained the idea of using Nile blue sulphate 
for this purpose. On account of marked differences in the struc- 
ture of the gelatinous envelopes of the eggs of the two species, 
the method of applying the stain to the egg of Cryptobranchus 
necessarily differs from that employed by Goodale for the egg of 
Spelerpes. 

Nile blue sulphate in aqueous solution of the proper strength 
produces on the egg or embryo of Cryptobranchus a very distinct 
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spot which will not wash out, and which is not toxic enough to 
interfere with the normal development. The large size of the 
egg (from 6 to 7 mm. in diameter), the ease with which it may be 
removed from its gelatinous envelope, and the entire absence of 
pigment make it a peculiarly favorable object for staining experi- 
ments. From the behavior of the stain in experiments it appears 
that it does not spread to any perceptible extent by diffusion, 
and that stained areas are carried from one position to another 
only by an actual movement of material. A very faint trail 
may sometimes be left behind a moving spot, but this appears 
to be due to secondary staining by the vitelline membrane. The 
stain enables us to determine the direction and amount of the 
movement of cells, and to distinguish an actual transference of 
cellular material from a wave movement or undulation. 

My results with Cryptobranchus do not harmonize with Good- 
ale’s (’11) statement that in Spelerpes the yolk granules only are 
stained. In the early cleavage stages of Cryptobranchus the 
micromeres stain distinctly and keep the stain, while the more 
heavily yolk-laden parts of the egg stain with difficulty and the 
stain more readily washes out. In later cleavage stages the 
micromeres stain more intensely than in the early stages, and 
the neural folds take the stain with even greater intensity. The 
inference would seem to be that the cytoplasm stains more 
readily than the yolk. 

The method used in applying the stain to the egg of Crypto- 
branchus is as follows: The egg is removed from its gelatinous 
envelope and placed in water in a Syracuse watch glass. A small 
drop of strong aqueous solution of Nile blue sulphate is applied 
to its surface with a fine pipette. After an interval of about 


half a minute the excess of stain is washed away and sucked up 


with a clean pipette. On account of the large size of the egg, 
magnification is not necessary. The under surface of the egg 
may be viewed by means of a mirror placed under the watch 
glass; the mirror is far enough away from the egg so that the 
entire image may be observed at a single view. A lateral view of 
the egg may be obtained by holding a piece of mirror in a vertical 
position in the watch glass beside the egg. For purposes of 
observation it is possible to turn the egg with a camel's hair 
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brush, and keep it in any desired position on a bed of cotton; 
but on account of the extreme delicacy of the egg, mechanical 
manipulation is preferably to be avoided. The drawings used 
in illustrating this paper were made with the aid of a mirror. A 
camera lucida was not employed, for the reason that its use 
requires too much handling of the egg in order to get it in the 
right position for drawing. Free-hand sketches were made as 
accurately as possible, and it is believed that they give as faithful 
pictures as would be the case were they made with a camera. 


III. EXPERIMENTS AND OBSERVATIONS. 


A. Convergence-—In my previous work on the development of 
Cryptobranchus (Smith, ’12), observational studies alone gave 
evidence that a band of cells occupying an equatorial position 
in the late blastula moves, during gastrulation, toward the vegetal 
pole and converges on the site of the closing blastopore to form 
the posterior end of the embryo. By means of staining experi- 
ments Goodale (’11) has demonstrated’ a similar process in the 
eggs of Spelerpes and Amblystoma. The following experiments 
enable us to determine more precisely the nature of this move- 
ment and the distribution of the cells involved. 


In connection with another series of experiments some eggs 


were stained in the early first cleavage stage by placing a mark 
in the equatorial region opposite each end of the cleavage furrow. 
Figs. 3 and 4 represent one of these eggs in which the first 
cleavage furrow extended precisely at right angles to the median 
plane of the future gastrula. In Fig. 4, representing the lower 
hemisphere of the early gastrula, the two spots have been carried 
ventrally and posteriorly to a position at the ends of the cres- 
centic blastopore, which they tend to enter from below (i. e., 
from the posterior side). In comparing these and similar figures 
it must be remembered that, since the egg is a spherical object 
and the drawing a projection on a plane surface, the distance 
through which a mark travels is in certain situations much 
greater than appears in the drawings. 

Fig. 5 represents the lower hemisphere of an egg stained in 
the equatorial region of the late blastula. Fig. 6, drawn two 
days later, shows the spots on the posterior side of the egg 
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appearing entirely below the dorsal lip of the blastopore. They 
have also moved toward the median line. 

Fig. 7 represents the lower hemisphere of an early gastrula 
stained in the equatorial region in such a way that one of the 
spots extends in a meridional direction across the dorsal lip of 
the blastopore. The results two days later (Fig. 8) demonstrate 
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Fics. 3 TO 10. Each vertical pair of figures represents the history of an indi 


overgrowth and convergence. 
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vidual egg of Cryptobranchus allegheniensis. The dotted areas indicate spots 
produced with Nile blue sulphate. . Fig. 3, lower hemisphere of an egg in the first 
cleavage stage, sketched immediately after marking in the equatorial region oppo- 
site the ends of the cleavage furrow. The dotted line indicates the position of the 
first cleavage furrow which is confined to the upper hemisphere. Fig. 4, lower 
hemisphere of the same egg sketched a week later in the early gastrula stage 
Fig. 5, lower hemisphere of an egg in a late blastula stage sketched immediately 
after marking in the equatorial region. Fig. 6, lower hemisphere of the same egg, 
sketched in the early gastrula stage four days later. Fig. 7, lower hemisphere of 
an egg in the early gastrula stage, sketched immediately after marking in the equa- 
torial region. Fig. 8, lower hemisphere of the same egg sketched two days later 
Fig. 9, lower hemisphere of an egg in the early gastrula stage, sketched imme- 
diately after marking in the equatorial region. Fig. 10, lower hemisphere of the 


same egg sketched three days later. 


Fig. 9 represents an egg treated in approximately the same 
manner as the one shown in Fig. 7. This egg sketched three days 
later demonstrates the in-turning of a large area of the former 
dorsal lip of the blastopore, and shows more clearly than the pre- 
ceding the phenomena of convergence. In addition it shows that 
convergence involves, not merely the lips of the blastopore itself, 
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but a broad zone of cells occupying the lateral margin of the 
yolk plug. 

Fig. 11 represents the lower hemisphere of an egg stained in 
the equatorial region of the late blastula. The stained areas 
are elongated in a meridional direction. Figs. 12 and 13 show 
the condition two days later. At the level of the early blastopore 


there is a pronounced shifting of material from each side toward 
the median line. 





16 


Fics. 11 To 16. Each horizontal row of figures represents the history of an 
individual egg of Cryptobranchus allegheniensis. The dotted areas indicate spots 
produced with Nile blue sulphate. Fig. 11, lower hemisphere of an egg in a late 
blastula stage, sketched immediately after marking in the equatorial region. Fig. 
12, lower hemisphere of the same egg sketched in the early gastrula stage, two days 
later. Fig. 13, same as the preceding, posterior view. Fig. 14, lower hemisphere 
of an egg in an early gastrula stage, sketched immediately after marking in the 
equatorial region. Fig. 15, lower hemisphere of the same egg, sketched a day 
later. Fig. 16, lower hemisphere of the same egg sketched two days later than 
the preceding. 


Fig. 14 represents the lower hemisphere of an egg stained in 
the equatorial region of the early gastrula; some of the spots 
extend in a meridional direction across the blastopore. Fig. 16, 
sketched three days later, shows marked overgrowth and in- 
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turning on all sides of the yolk plug and particularly on the dorsal 
side. In addition this figure shows that convergence involves a 
zone of cells occupying the ventral as well as the lateral margin 
of the yolk plug. This figure in connection with Fig. 10 shows 
that the movement of the ventral margin occurs considerably 
later than the movement of the lateral margin—a result correlated 
with the delayed development of the ventral lip of the blastopore. 
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FiG. 17. Lower hemisphere of an early gastrula of Cryptobranchus allegheniensis, 
showing cell outlines. X 7. 

Fic. 18. Posterior view of an embryo of Cryplobranchus allegheniensis in the 
neural groove stage, showing cell outlines in the yolk plug. X 7. 


Figs. 17 and 18 show that the cells occupying the lateral and 
ventral margins of the yolk plug, which figure so conspicuously 
in these movements, are readily distinguishable from the larger 
yolk cells on the one hand, and the smaller cells of the lips of the 
blastopore on the other; these marginal cells are arranged in the 
form of a crescent. We have shown that the marginal cells are 
the descendents of cells that formed a band in the equatorial 
region of the late blastula, and it may be here stated that these 
equatorial cells were of a transitional character, intermediate 
in size between micromeres and macromeres. 

B. Confluence.—The experimental study of the movement of 
material in the region of the dorsal lip of the blastopore aims to 
determine (a) whether movements other than overgrowth and 
in-turning occur in the dorsal lip of the blaStopore, and (0) if 
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such movements occur, can they be explained as a mechanical 
necessity in the process of invagination and epiboly? My earlier 
observations (Smith, ’12) gave no clue to the occurrence of con- 
fluence in this region, so that I approached the experimental 
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Fics. 19 TO 30. Each horizontal row of figures represents the history of an 
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individual egg of Cryptobranchus allegheniensis. The dotted areas indicate spots 
produced with Nile blue sulphate. Fig. 19, lower hemisphere of an early gastrula 
sketched immediately after marking in the equatorial region, especially above the 
blastopore. Fig. 20, the same, posterior view. Fig. 21, a posterior view of the 
same egg, sketched a day later. Fig. 22, posterior view of the same egg sketched 
a day later than the preceding. Fig. 23, lower hemisphere of an early gastrula 
sketched immediately after marking in the equatorial region. Fig. 24, a similar 
view of the same egg sketched a day later. Fig. 25, the same as the preceding, 
posterior view. Fig. 26, the lower hemisphere of the same egg sketched a day later 
than the preceding. Fig. 27, lower hemisphere of an early gastrula sketched imme- 
diately after marking in the equatorial region. Fig. 28, the same, posterior view. 
Fig. 29, posterior view of the same egg, sketched a day later than the preceding. 
Fig. 30, posterior view of the same egg, sketched a day later than the preceding. 


study of the subject in a skeptical frame of mind that made the 
results the more impressive, since they were entirely unexpected. 
Figs. 19 and 20 represent an egg stained in the equatorial 
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region of the early gastrula. Fig. 21, sketched a day later, shows 
unmistakably that, during the process of overgrowth, material 
lying immediately dorsal to the blastopore is being carried from 





both sides toward the median line—a phenomenon which I have 
called ‘‘confluence.” Fig. 22, sketched two days later than the 
preceding, shows the same process carried further, with the 
complication that the upper ends of the most laterally situated 
marks are being carried downward and even slightly outward 
through being involved in the process of convergence. The out- 
ward movement is more readily comprehensible if we compare the 
homologous regions in the embryos of an elasmobranch and a 
teleost. 

Figs. 23 to 26 represent the history of another egg stained in 
the same manner as the preceding. The latest stage figured 
shows incidentally that overgrowth is accompanied by extensive 
in-turning of the dorsal lip of the blastopore. The results as 
regards confluence are even more striking; but the figures give 
some evidence of a similar tendency in the material immediately 





ventral to the early blastopore—that is, in the future yolk plug. 
This latter fact must be considered in our interpretation of the 
movement of material in the dorsal lip. 

Figs. 27 and 28 represent an egg stained in the equatorial 
region of the early gastrula in such a manner that the stain 
extends in a meridional direction across the blastopore, con- 
siderably further than in the preceding figures. The result in 
later stages (Figs. 29 and 30) shows conclusively that the shifting 
of tissues toward the median line just below the blastopore is 
almost the mirrored image of that above the blastopore; the 
differences in the two levels at the ends of the blastopore are to 
be explained as due mainly to the process of convergence. 

These results suggest a mechanical explanation of confluence. 
Does the material immediately above and below the blastopore 
merely follow the law of liquids flowing through an orifice, con- 
verging toward the point of least resistance? To test the matter 
I studied the currents produced in shallow water which was 
allowed to escape from a pan through a slit cut in the bottom. 
When the slit was made slightly wider at the middle than at the 
ends, the currents showed a tendency to converge, as shown 
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in Fig. 31. In the blastopore of Cryptobranchus, the point of 
least resistance would naturally be at the center, where the 
invagination is deepest. But in comparing Fig. 31 with the pre- 
ceding figures such as Figs. 25 and 29 one should remember that 
the stained areas do not represent the actual paths of moving 
particles—such paths are in reality much more oblique, as will 
be seen by comparing the original position of the stained areas. 
There is room for doubt if a mechanical explanation of confluence 
is really adequate to explain the extreme obliquity of the course 
taken by individual cells. 





Fic. 31. Diagram showing the direction of the currents in water contained in 


a shallow vessel and allowed to escape through a slightly elliptical slit in the bottom. 


C. The Movements of the Neural Folds—We have spoken of 
the movement of the neural folds as a phase of concrescence in its 
widest sense; in this connection it may be worth while to examine 
into the character of this movement. Is it a mere wave-like 
undulation progressing from the lateral margins of the neural 
plate toward the median line, or is it a movement of translation 
whereby material is actually carried toward the median line? 
The study of transverse sections of a series of embryos inclines 
one to the latter view, and experiments prove conclusively that 
this view is correct. My results in general agree with and extend 
those of Goodale (’11) on Spelerpes. 

Figs. 32 to 35 represent the history of an egg marked in the 
early neural groove stage. The distance through which material 
is brought from either side to the median line is remarkable, and 
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in the absence of experimental demonstration would hardly be 
suspected. The neural folds, except their most anterior portion, 
are formed from material lying originally at least 90° apart, or 
one fourth the circumference of the egg. The forward movement 





Fics. 32 TO 43. Each horizontal row of figures represents the history of an 
individual egg of Cryptobranchus allegheniensis. The dotted areas represent marks 
made with Nile blue sulphate. Fig. 32, upper hemisphere of an egg in an early 
neural fold stage, sketched immediately after marking. Fig. 33, upper hemisphere 
of the same egg sketched a day later. Fig. 34, upper hemisphere of the same egg 
sketched a day later than the preceding. Fig. 35, dorsal aspect of the same em- 
bryo sketched a day later than the preceding. Fig. 36, upper hemisphere of an 
egg in an early neural fold stage, sketched immediately after marking. Fig. 37, 
dorsal aspect of the same embryo sketched two days later. Fig. 38, dorsal aspect 
of the same embryo sketched a day later than the preceding. Fig. 39, dorsal 
aspect of the same embryo sketched a day later than the preceding. Fig. 40, 
dorsal view of an embryo in the neural fold stage, sketched immediately after mark- 
ing. Fig. 41, dorsal aspect of the same embryo, sketched a day later. Fig. 42, 
dorsal aspect of the same embryo sketched a day later than the preceding. Fig. 
43, lateral aspect of the same embryo sketched three days later than the preceding. 
Four eggs were used for this experiment, with results so nearly identical that the 
history of any one of these eggs might be represented by Figs. 40 to 43. 
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of the stained areas is apparent rather than real, since it is due 
to the rotation of the entire egg on a horizontal axis. 

Figs. 36 to 43 require no explanation other than that given in 
the legends. 

The large number of experiments performed to demonstrate 
the movement of the neural folds gave remarkably uniform 
results, and clearly indicate that the movement is one of transla- 
tion, and not a mere wave movement or undulation. 

In distinction from the forms of concrescence more intimately 
related to gastrulation, the mode of concrescence of the neural 
folds and the gastral mesoderm might be distinguished as con- 
crescence by apposition. 


IV. Discussion. 

In this paper the term concrescence has been employed in a 
wider sense than is usual in vertebrate embryology. One’s views 
as to the scope of the term concrescence will naturally depend on 
his general theory concerning the origin of concrescence; on the 
other hand that theory is the most acceptable that gives a valid 
explanation of the largest number of facts, thus bringing them 
into a common category. The theoretical interpretation that 
appeals most strongly to the writer is the one stated by Wilson 
(‘90). As the volume containing this contribution is scarce and 
almost inaccessible to many readers, a résumé of the most 
important points bearing on this problem is here given. 

There are two views as to the significance of concrescence. 
According to the first view concrescence is a coenogenetic phase 
of development; the embryo is temporarily bisected by the yolk, 
and the two parts afterwards brought together. Concrescence 
is thus a process of restoration, by which the two halves of the 
embryo, which have been mechanically separated by the yolk, 
are united. According to the second view concrescence has a far 
deeper meaning, and is palingenetic, though the accumulation 
of yolk may have modified its character. The second view is 
the one favored by Wilson, and requires further explanation. 

The origin of concrescent growth is to be sought in the origin 
of bilaterality itself—an inquiry which leads us to the problem 
concerning the origin of bilateral animals from the ccelenterates, 
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which by common consent are considered to have been their 
progenitors. 

In the higher animals the gastrula stage is regarded as the 
embryonic representative of the radial, two-layered ancestral 
type; the blastopore is the representative of the single opening 
or so-called mouth of the ccelenterate. 

Bilateral animals have arisen from radiate forms by the elonga- 
tion of one of the transverse axes of the latter, the oral face be- 
coming the ventral aspect, and the aboral face the dorsal aspect 
(this relation is reversed in the vertebrates). The mouth, 
meanwhile, shifted its position so as to lie near the anterior 
extremity of the new long axis, and the lateral portions, growing 
together more or less completely along the region formerly 
occupied by the mouth, gave rise to the process of concrescence 
in the ontogeny. 

What, then, was the origin of the anus 
in bilateral animals? In different em- 
bryos we find that the blastopore gave 
rise, sometimes to the mouth (through 
the persistence of the anterior part of 
the blastopore, as in the earthworm), 


sometimes to the anus (through the per- 


| 


\ 
\ 


sistence of the posterior part of the 
/ blastopore, as in many vertebrates), and 


rarely to both (as in Peripatus, where 


\ 
/ 

Mane ff the elongated blastopore closes in the 
an? 


middle). The only possible interpreta- 
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Fic. 44. Diagram show- , fi 
ing the mode of blastopore tion of these facts would seem to be that 


closure in Peripatus. the blastopore originally gave rise to 
both mouth and anus. The case of 
Peripatus (Fig. 44) is then an interesting and apparently isolated 
remnant of the ancestral mode of development, or perhaps a 
reversion to it. It is interesting to note that in Peripatus the 
two halves of the body are quite well differentiated independently 
on the two sides of the blastopore; later, these two halves are 
brought together. 
' Concrescence is then a sequence of the closure of the blasto- 
pore, which primitively extended the whole length of the embryo, 





CONCRESCENCE IN EMBRYO OF CRYPTOBRANCHUS. 259 


the anterior end forming the mouth: The separation of the two 
sides of the embryo, shown in the vertebrates most clearly in the 
early history of the mesoderm and the nervous system, was 


primitively caused by the blastopore itself. In the great majority 


of cases the original mode of closure of the blastopore has been 
secondarily modified, but the mesoderm and the neural cords or 
folds still follow the original mode of development, being laid 
down separately on either side of the region of the primitive 
blastopore, and growing together along its line of closure (con- 
crescence by apposition). In cases where the region of the 
blastopore is occupied by a large mass of yolk, the process of 
concrescence is much modified and exaggerated; to this extent 
only, concrescence is to be regarded as a coenogenetic character. 

Taking up now, in the light of this theory, our special problem 
of concrescence in the vertebrates, we may note that there is no 
valid objection to the extension of the theory to cover the 
vertebrates on the ground that forms like Peripatus and the 
earthworm are not ancestral to the vertebrates; granting that 
these forms are probably far removed from the ancestral line 
of the vertebrates, we may still rely on the fact of common descent 
from the ceelenterates. Further, we may note that the ancestral 
mouth of the vertebrates has been lost, and a new one acquired; 
the anus represents typically the posterior remnant of the primi- 
tive blastopore. Wipe out the upper half of the figure showing 
blastopore closure in the embryo of Peripatus (Fig. 44), and we 
have left substantially the conditions found in the late gastrula 
of Cryptobranchus. If we give a phylogenetic interpretation to 
the confluence of materials in the dorsal lip of the amphiban 
blastopore, then this confluence is but a vestige of the more pro- 
nounced shifting of tissues that caused the constriction of the 
primitive blastopore. The observed confluence of materials in 
the dorsal lip of the blastopore is such as this theory of con- 
crescence would lead us to expect. I have suggested a possible 
mechanical explanation, which seems not wholly adequate. The 
facts are not inconsistent with the palingenetic theory of con- 
crescence. 

The process which I have called convergence is necessitated by 
the large mass of yolk which greatly delays the completion of 
the process of gastrulation. 





260 BERTRAM G. SMITH. 


Like most phylogenetic speculations, the palingenetic theory 
of concrescence is weak in that it seems incapable of absolute 
demonstration. On the other hand the theory is useful in that 
it brings together in a single view a number of very important 
anatomical and embryological facts, putting them in an intel- 
ligible relation to one another. If we reject this theory, then we 
can scarcely consider the term concrescence to cover the be- 
havior of the neural folds and the mesoderm in the vertebrates; 
concrescence becomes limited to events concerned with the 
present process of gastrulation, and probably applies only to the 
formation of the posterior end of the embryo. If we accept this 
theory, then concrescence has a broader and deeper meaning, 
and explains the most fundamental events in the formation of the 
embryo. 

Perhaps the greatest gain that has come from the theory or 
theories of concrescence is that research has thereby been stimu- 
lated, with the result that we now have a much more accurate 
knowledge of the early stages of development of many forms 
than would otherwise be the case. The facts thus brought to 
light may be of greater value when considered from an altogether 
different angle, in the development of the various aspects of 
embryological science. 


V. SUMMARY. 


By the method of vital staining the following facts concerning 
the formation of the embryo of Cryptobranchus were established: 
(1) A band of cells occupying the lateral and ventral parts of the 
equatorial region of the late blastula, during gastrulation comes 
to occupy the corresponding parts of the margin of the yolk plug, 
and converges on the site of the closing blastopore. (2) During 
gastrulation there is a confluence of material lying in the region 
of the dorsal lip of the blastopore: in connection with the process 
of overgrowth and in-turning of the dorsal lip of the blastopore, 
this material shifts from either side toward the median line. (3) 
The movement of the neural folds is a movement of translation, 
not a mere wave movement; the neural folds include material 
originally situated at least 90° apart, which is thus brought into 
apposition in the median line. 
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The bearing of these facts on the theory of concrescence is 
discussed. 
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THE BOTTLE-ANIMALCULE, FOLLICULINA; 
(ECOLOGICAL NOTES. 


E. A. ANDREWS. 


The following observations upon the cecology of the marine 
protozoan Folliculina, known to some microscopists as the 
Bottle-animalcule, were made in connection with a study of its 
life history and method of forming its bottle-shaped case that 
will be published elsewhere. 

In the summer of I912, and again in 1913, vast numbers of 
these interesting protozoa and their cases were found on aquatic 
plants in the Severn River, which is a brackish side branch of the 
Chesapeake Bay. 

The wide distribution of this highly specialized marine Stentor 
is indicated in the following brief outline of the history of our 
knowledge of it. Discovered by O. F. Miiller in 1781 on the 


Danish coast, it was next studied on the Norwegian coast in 
1858 by Claparde and Lachman and on the British coast by 
Strethill Wright; at Wismar by Stein in 1861; near Kiel by Mébius 
in 1865; again on the British coast by Saville Kent in 1870-1879; 
near Naples by Geza Entz in 1884 and in the same year by A. 
Gruber at Genoa. 


Recently, 1910-1913, Carl Dons had described various Follicu- 
linas from Norway, Spitzbergen and Iceland as well as the Adri- 
atic, while Laachmann has found them in West Australia, Su- 
matra and the Antarctic. 

The only records of its occurence in American waters is that 
of Leidy, who in 1859 found it at Newport, R.I., on the Atlantic 
coast of the United States while dredging with Col. Powel, and 
that of Ryder, who in 1880 described it as found in quantities 
on oyster shells from the west coast of the Chesapeake Bay. 

In the sea Folliculina has been found living attached to various 
red and brown alge and other plants as well as upon stones, the 
shells of molluscs, and annelids and the tests of hydroids, 


bryozoa and tunicates from shallow shore waters down to depths 
262 
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of four hundred meters. A few were taken on the surface of 
the water. 


There are, however, records of its occurrence in fresh waters; 
thus Saville Kent in England described Folliculina boltoni 
from Anacharis and other plants as living in fresh water, and 


Barrett found it in the fresh waters of the Thames; while the 
form called Ascobius lentus by Henneguey in France found in 
flowing fresh water in the botanic garden at Montpelier on the 
leaves of A ponogeton dystachium seems to be a kind of Folliculina. 

The Folliculina found in the Severn are no doubt Folliculina 
ampulla in the wide sense used by Stein and by Mébius and 
resemble most the forms described by Strethill Wright, but in 
the light of the revision of the group by Carl Dons the specific 
determination of these Severn forms is deferred till a more 
complete comprehension of their life history furnish a better 


Fic. 1. Side view of case made by Folliculina. Camera lucida. X 233. 


basis than the mere form of secreted case the animal inhabits. 
Both Folliculina and Parafolliculina forms in the sense used by 
Dons occur here; but the character of nucleus and existence of 
micronucleus necessitates much modification in his classifications. 
It may well be that not only Freia and Lagotia but also Ascobius 
are synonyms of Folluculina and that many of the species are 
but phases in a protean life cycle. 

The most usual form of dwelling inhabited by Folliculina in 
the Severn is shown in Fig. 1 enlarged 233 diameters. For con- 
venience of description it might be regarded as made up of a 
sac and a tube, both together constituting the case. The sac 
is the part of the case attached to some foreign object and the 
tube is the free part. The sac is wider from side to side than it is 
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deep, since its attached face is flattened out against the support, 
while the free face or back is very convex. The posterior blind 
end is bluntly rounded and affords attachment for the foot end 
of the animal. The tube rises at about 45 degrees from the 
axis of the sac or the plane of attachment, and ends in a freely 
open mouth without valves but with a reflexed lip. As a rule 
about six turns of a spiral-ridge pass about the tube, but the 
number is not fixed. The spiral seen from the right side, Fig. 1, 
passes toward the top of the tube over the dorsal side. The 
nature and mode of formation of the case and the spiral of the 
tube will be described elsewhere. 


AREAL AND DEPTH DISTRIBUTION IN THE SEVERN. 

First seen on the leaves of Elodea (Anacharis), the cases or 
bottles of these animals seemed to the eye mere dark lines } mm. 
long that might be excrement of some small snail lying abundantly 
on the leaf amidst sediment. 

But the microscope reveals marvelous greenish, transparent, 
bottle-like cases containing a clear, but blue-green animal that 
shyly withdraws till no longer disturbed and then may, from time 
to time protrude from the mouth of the bottle as a slender 
thread divided like a snake’s tongue into two forks, which are 
held curved or else bent about and waved till all suddenly 
vanishes as a mere lump within the bottle. The animal might 
be compared to a miniature fork with long bent arms all made of 
glass but more pliant and elastic than rubber. 

The cases with or without the contained animal were found on 
the leaves of several plants, chiefly Elodea and Potamogeton 
growing upon the bottom of this decidedly saline water, and also 
upon floating leaves and stems of these plants in the open river 
as well as on the sides of a boat and on wood. These plants 
form zones along the shores of most of the side branches of the 
river, known as “‘creeks’’; the Potamogeton zone is nearer shore 
and grows in water one to two feet deep; the Elodea appears as a 
blue-green zone some twelve feet wide in water two to six feet 
deep, at high tide (the water falling one to two feet). Folliculina 


was taken from “ Back Creek”’ below Annapolis up beyond the 


“White Sands,’ some nine miles, in side creeks on both shores. 
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The Elodea generally grows in a dense continuous plantation 
the crowded tops almost touching, so that in a square foot there 
is at least one plant with some fifty leaves on its upper four 
inches where the Folliculina tubes abound; on an average each 
leaf has five to ten tubes; many have much greater numbers. 
Allowing 250 tubes to the square foot, which is a minimum 
estimate for the more sparsely populated regions, and estimating 
the length of the Elodea zone as twenty miles and its width as 
only 4 feet, since the Folliculina are most abundant in water 
3-4 feet deep and not in the upper and lower edges of the Elodea 
zone, we would have some one hundred million of these miniature 
dwellings along the Severn. They were found also in abundance 
at the head of Whitehall river which opens independently into 
the Chesapeake just to the north of the Severn, and as they are 
probably widely distributed along the branches of the Chesapeake 
we may regard Folliculina as a numerically important member of 
the summer fauna of this large body of salt water. 

The following experiments throw light upon the distribution 
of the tubes of Folliculina in various depths of water. Late in 
July with water at 28° C. strips of smoothly sawed pine wood 35 
mm. wide and 9 mm. thick were stuck upright in the mud in a 
row across the Elodea zone and left six days. On all strips in 
from two feet to five feet depth of water many tubes of Follicu- 
lina were attached, but they were absent from the bottom for 
some eight to twenty inches above the mud and from the top 
some nine inches below high tide line. The stick nearest shore 
in two feet water had a sparse population, perhaps 100 tubes to 
the square inch, while the sticks farther out showed in places 
as many as 400 per sq. inch. In these latter the tubes were 
often aggregated in clusters, one containing as many as 73 tubes, 
while in the more shallow water the tubes were scattered and 
more irregular in distributio . To see if the tubes would be 
made in depths beyond the Elodea zone the same strips of wood 
were tied together in a row, end to end, and anchored in the 
middle of the mouth of a creek where there was no plant life on 
the bottom, the water being 15 feet deep, and the Elodea zone 
several hundred feet distant. After a submergence of three 


days and four nights all the four sections of the compound strip 
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were well set with new tubes (the wood was dried and sand- 
papered before this experiment). The lowermost section of 
wood reaching from the bottom up six feet showed tubes about 
twenty to the square inch with but few in small clusters, but 
the lowest two feet contained fewer and the bottom few inches, 
none. The second section five feet long had as many, if not 
more, tubes than the lowest section and more clusters, one con- 
taining as many as 20 tubes. The third section was three feet 
long and reached up above the surface of the water. The tubes 
on it were as on the section below it but became very sparse 
near the surface of the water. The fourth section floated out 
diagonally in the water but was only partly submerged and it 
contained but few tubes. 

In brief the tubes had been made on the strips of wood from 
near the surface to within a few inches of the bottom, when there 
were no plants near from which the animals might have migrated. 

It is thus evident that Folliculina occurs in greater depths 
than the zones of vegetation in these creeks, but normally it can 
find solids for attachment almost only within these zones, since 
the region is without stones or rocks and with teredo fauna that 
rapidly removes submerged woodwork. 

Folliculina is thus forced into association in depths with 
Elodea and the few other flowering plants that follow the shore. 


SEASONAL DISTRIBUTION. 


These waters undergo great seasonal changes; in the high 


temperatures of summer the water is turbid with microscopic 


life, but more clear in winter. 

The grosser life of the plant zones along shore also rises to a 
maximum in the summer and in the winter disappears down to 
the bottom of the water where only the roots and pieces of stems 
remain to revive in the following spring. 

Folliculina is thus forced into seasonal periods of abundance 
and disappearance; but while it is abundant only with the 
growth of the plants it has a much shorter period than they, 
appearing in the summer after the plants are well started and 
vanishing long before the plant zone dies down. 

In 1912 no live Folliculina could be found after September 8, 
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though in aquaria they lived till the 27th and in a warm room 
till November 11, though in a faded and apparently starving 
state. In 1913 there was a sudden disappearance of most all 
live Folliculina, leaving chiefly empty tubes, after a sudden 
drop of temperature from 97° F. to 60° F. with rain. No live 
ones could be found after September 5 after cold rain, though 
found September 1 in a very few examples after much search. 

By September 22 with the water at 83° F. and air at 80° F. 
no tubes even could be found except in places where the plant 
had not recently grown enough to shed the leaves to which the 
Folliculina tubes had been long attached. 


Such empty tubes remaining upon old leaves that have not yet 
fallen off, illustrates one phase of the correlation between Folli- 
culina and the growth of the plants. 

Followed from spring onward the distribution of the living 
Folliculina is nicely adjusted to the growth of the plants, as will 
be seen from the following. 


May 17, 1913, no Folliculina had yet appeared, but the Elodea 


zone denuded all winter had begun to be repopulated with new 
plants shooting up three inches high, apparently from old bits 
of stem buried in the mud. These plants were then perfectly 
clean and bright with no inhabitants save a few minute young 
snails. Some of the cells of the Elodea, however, were already 
dead here and there, apparently from some parasite; but this 
was not connected with Folliculina that at present was in some 
unknown state. The Potamogeton zone showed stalks eighteen 
inches high with some few flower buds far from the surface of the 
water. 

By June first the Potamogeton had flowers near the surface 
and the Elodea was 12 to 15 inches high and no longer entirely 
clean but with the older lower leaves covered with a flocculent 
deposit and supporting many colonial vorticellids seen to the eye 
as contractile tufts on single stalks. Two weeks later, the 
Elodea was two feet high with flowers on stems four to six inches 
above leaves and some open flowers at surface. The Pota- 
mogeton now was three feet high with flowers at the surface of 
water. But all the leaves were covered with dirt and no Follicul- 
lina was found. On the 27th, Folliculina was found as black 
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patches I to 2 mm. in diameter here and there on the leaves of 
Elodea in water two to six feet deep, otherwise the leaves were 
clean. These patches or colonies of Folliculina were only one 
to the leaf, either at the tip or at the edge of the upper surface. 
The origin of these first tubes was not determined. Aquaria 
that contained Folliculina in the fall still contained the empty 
tubes at this season but no revival of Folliculina was found in 
the aquaria even though the aquaria were kept all the summer. 

Whether the Folliculina passes the winter in some form in the 
mud to develop when the conditions are right or whether it 
migrates into the river each season and becomes attached when 
the growth of the plants, the temperature and food conditions 
permit, isnotknown. The fauna of the Bay and river is markedly 
increased by migrants; not only are there vast shoals of jelly-fish 
(Chrysaora form of Dactylometra) and of ctenophores that come 
and go with menhaden and other fish but the plants that grow 
along the shores become the support for bacteria, diatoms, 
protozoa, anemones, polyzoa, tunicates and nudibranchs, that 
disappear in the fall and seem to have arrived as plankton and to 
have multiplied or grown in the temporary forcing house that 
this body of water forms in the summer. With the water gradu- 
ally becoming opaque green from the multiplication of the micro- 
scopic biota and the temperature running up to 27° to 30° C. in 
July when the air is 28° to 29° C. Folliculina with many other 
organisms lives in ideal conditions for rapid multiplication, so 
that a few immigrants from the sea might produce the entire 
population that dies out at the oncoming of cool weather and 
the great changes in the gross and microscopic fauna and flora 
of the shores. Thus Folliculina and other marine animals become 


temporarily associated in a summer community dependent upon 
the zones of essentially fresh water plants, Elodea and Pota- 
mogeton. 


The Chesapeake and its branches is a typical “drowned river” 
and we find here a tendency toward a gradual capture of the fresh- 
water biota by the incoming marine biota. Thus the marine 
blue-crab with many sea fish migrates over the line between 
the fresh and salt waters and at times becomes an important 
factor in the cecology of fresh and of marine organisms as well 
as of the dwellers on the transition line. 
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In the general process of capture of fresh by marine biota, 
may be included the temporary utilization of the fresh water 
plants, Elodea, Potamogeton, etc., by the summer immigrants 
from the sea. The swarms of Folliculina settling in the Elodea 
zone is but one illustration of the push from the sea inland. 

The waters of the Severn support a thousand acres of natural 
oyster bars and are thus marine rather than freshwaters. The 
water in this river as published in 1912 by the Shell Fish 
Commissioners of Maryland varied from 1.0036, 1.0048 in 
July to 1.011 in December and 1.0096 in March; the gravity of 
the ocean being from 1.025 to 1.027. It should be emphasized, 
however, that each creek has some little spring or stream of 
fresh water entering its head as representative of the former head- 


waters of a side branch of the original fresh stream and where 
this water meets the saline tide waters there is an oscillation of 
conditions from the densities of high tides in dry seasons to the 
extreme freshness of low tides and in-pour of torrents of muddy 


water after rains. It is between these oscillation areas on the 
one hand and the more continuously saline depths on the other 
that the Elodea zone is most pronounced. 

By July 4, Folliculina was very abundant over the leaves of 
Elodea in small scattered colonies of each a few individuals; by 
the 13th, exceedingly abundant on most all the leaves of the top 
two to four inches of Eledea in two to four feet depths in a zone 
12 feet wide; they also formed a black area a few inches wide 
close to the surface of the water along the sides of a floating boat, 
twenty feet from the Elodea zone. 

With the progressive growth of Elodea the upper leaves are 
the only ones upon which live Folliculina is found while the older 
leaves are thick-set with empty tubes. As the plant grows 
upward the shaded old leaves macerate and disappear but the 
tubes fall off to the bottom and may be got in great numbers 
from the mud as well as from the macerated dead leaves. In 
August, Elodea may be four feet high, but only the upper foot 
has leaves, and on these the dense settlements of Folliculina are 
generally a few inches from the top. Examination of the leaves 
shows the youngest Folliculinas on the uppermost or youngest 
leaves and so on down. Thus during the growing season there 
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is a constant succession of new tubes formed above on the more 
recent leaves while lower down the old tubes are doomed to be 
dropped off from the macreated leaves to the bottom where they 
long resist decay. Both the gradual spread of Folliculina tubes 
from the first seen on the tips of the leaves over the entire expanse 
of upper leaves and the secondary migration from these leaves 
ever upward to other leaves as they grow out from the terminal 
buds might be accounted for on the hypothesis that the entire 
occurrence of Folliculina in these waters is the result of inocu- 
lation each spring with new individuals from outside the region 
and the rapid multiplication, spread and autumnal destruction, 
under seasonal changes of environment. 


SESSILE AND MorTILE Forms. 


Direct observations in aquaria showed that many of the abov: 
facts as to the attachment and occurrence of tubes were due to 
the existence and behavior of free swimming motile states of this 
animal. When brought into dishes of various kinds these 
motile forms soon swarm out from the tubes and construct tubes 
attached to the sides of the dish. Under the microscope, some 
of the Folliculina were seen to emerge from the tubes and to 
eventually swim free in the water. With the naked eye the free 
swimmers were followed in the aquarium till they became at- 
tached to its sides. When the Elodea was collected in the evening 
free swimmers were found the next morning and made new tubes 
during the day. In this way as many as four successive crops 
of newly attaching Folliculina were obtained in successive days 
from one collection of Elodea. The newly settled animals lived 
probably at least two weeks though the longest observation of 
individuals was nine days. 

While most of the new swimmers came from old tubes on the 
Elodea there was good evidence that the new tubes formed in 
captivity gave rise to swimming forms. When collected early 
in the morning free forms were found before noon and new sessile 
forms were made in the afternoon. While the temperature 
seemed to influence the times, in general no swimmers were 
liberated in the night but began about seven or eight in the 
morning and swam two to several hours; about noon the sessile 
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form was begun with the making of cases which were completed 
in from four to eight hours; in the evening one to several hours, 
often, were taken to perfect the organization of the sessile form 
in its new case. 

Within the twenty-four hours the entire cycle from sessile to 
new sessile form was completed, and in extreme cases, only six 
hours were necessary. 


Fic. 2. Sketch of motile form emerging from tube. Four successive stages of 
one individual in row from left to right with same individual above swimming 
free and later, below, gliding over surface of leaf. 


In nature then it is probable that the Folliculina on leaves of 
Elodea give off swarms of motile forms that find the new upper 
leaves, as well as floating leaves and objects in the deep waters 
also as shown in the above experiments, and quickly settle 
down to remain in new tubes till these leaves in turn become 
unfavorable from accumulations of dirt and from shading by 
overhanging leaves. Then there is new migration upward and 
so on as long as food, temperature and other conditions allow. 
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Failure to collect such motile forms in the open by dragging 
nets over and through the Elodea was in part due to the lateness 
of the season, August 19-20, and in part to the difficulty of re- 
taining ciliated cylinders one tenth to one twentieth of a milli- 
meter in diameter in a bolting cloth of one tenth millimeter mesh. 

The motile forms must be very abundant at times in all these 
waters and through the summer floating branches of Potamogeton 
and of Elodea taken in the middle of the river are more thickly 
covered with tubes than those growing along shore, as if they had 
been colonized while floating. Far swimming motile forms 
carried by the currents may be the first settlers in the spring 
that so rapidly take possession of all the Elodea zones. Such 
motile forms must be a considerable addition to the plankton 
and may fall a prey to the schools of young menhaden that 
frequent the river and its branches, feeding over and near the 
Elodea zone as well as farther from shore. 

That the sessile forms have some enemies is seen in the utiliz- 
ation of their cases by the larve of aquatic insects that bite 
them off and from them construct sinuous tubes in which they lie 
stretched out over the surface of the leaves, with green contents 


in their digestive tracts strongly suggesting that they not only 


destroy the cases of Folliculina but eat the contained animals; 
and one larva was seen to bite off and chew up a Folliculina 
recently settled on filter paper. 

The distribution of the Folliculina cases over the leaves being 
due to the behavior of the motile forms, two questions call for 
answer; why are the upper leaves selected and why are the cases 
placed in groups or aggregates? The following observations on 
the actions of the motile forms aid in answering these questions. 


BEHAVIOR OF MOTILE Forms. 


The motile forms seen emerging from tubes, Fig. 2, are long 
cylinders abruptly truncated at the anterior end and bluntly 
pointed at the posterior end. They change form by local con- 
tractions, bending the part outside the tube in various directions 
and swelling and contracting in diameter in some regions at 
expense of others. The figure represents one in successive poses 
from left to right, finally leaving the tube. After some minutes, 
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of thus, as it were, feeling about, the Folliculina swims away from 
the tube, as in the upper part of Fig. 1 and then resembles a 
spirostomum. It may sooner or later settle upon leaf or stem 
and glide about, as in the bottom of Fig. 1, resembling then a 
planarian in motion. While very often an elongated cylinder it 
changes in swimming or gliding to various shapes, bending and 
contracting, may often assume a bottle form from the swelling 
of the posterior end, become flattened or take the form of a 
spheroid. The body is generally dark blue-green with the 
anterior part frequently much darker than the rest since a short 
region back of the truncated end is sharply set off as almost 
black and very opaque. The posterior end is frequently dark 
also. 

The form assumed is often that of some species of Stentor 
in motion, and study of compressed living as well as sectioned 
material shows that they have the organization of Stentor 
ceruleus as described by Schroeder and verified by me on the 
same form for comparison; but they present certain marked 


simplifications at the anterior end and a complexity at the pos- 
terior end that will be elsewhere described. 


These swimming forms show a great diversity in size as well 
as in form and in color density. Often they measure about one 
half millimeter in length. 

The locomotion seems due to the longitudinal rows of cilia 
that cover the body and not to the abbreviated spiral of mem- 
branellz at the anterior end. They swim forward with rotation, 
the right side coming up and over to the left, probably four to 
five times a second. The speed is two to four millimeters per 
second, but it changes. After long continuous stretches of 
motion it may advance, with interruption in jerks, as if the cilia 
stopped and resumed. Frequently the direction is changed and 
the phenomena of reversal and advance in another direction on 
approaching the edge of the water seem like those of Paramecium. 
While the trajectory appears straight, often, it may again be a 
long sinuous curve and often a spiral. After stopping the animal 
may turn off and progress at an angle with its former course, as 
above stated, or it may move backwards nearly on its trail. It 
may reverse, spin on its transverse axis and then resume the old 
direction. 
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In a very small drop of water the Folliculina may go back and 
forth again and again like a trolley car, reversing at each end of 
its short trip. One individual with a fixed black spot on the 
anterior end was seen to go forward and backward and to spin 
about its transverse axis without revolving about its long axis. 


RESPONSES TO LIGHT. 

It is very striking to see the completeness with which light 
determines the distribution of the swimming Folliculina in 
aquaria. If in an opaque dish the tubes are all made on the side 
most illuminated, towards the window in a room, or if in a square 
glass vessel all tend to crowd to the angle nearest the strongest 
light window. Watching the swimmers we see that they go 
rapidly toward the light and only turn back upon striking an 
obstacle such as the side of the dish when they may swim away 
for a distance soon to return and eventually to remain nearest 
to the light. The new tubes are then built along the side toward 
the light and most all are very near or at the surface of the water 
unless some irregular reflection determines the formation of two 
bands, one near the surface and one deeper down, but while 
the densest crowd is close to the surface, tubes are made an inch 
and a half below the surface in a scattered arrangement. New 
tubes formed on strips of paper and glass slides at the side of the 
dish were removable for study and preservation. When the 
aquarium is placed on the floor and lighted largely from above, 
many tubes are formed on the surface of the water, either on 
floating objects as cover glasses, pieces of paper, leaves, etc., or 
merely on the surface film. In this way new tubes with the con- 
tained animals were obtained free from all solid substratum and 
excellent for sections and other manipulation. 

By placing an opaque paper with central hole over the dish con- 
taining the Elodea and old Folliculina the new formed swimmers 
were concentrated to the center of the dish and could be taken 
out with the pipette or later taken up as floating colonies away 
from the sides of the vessel and in a limited area. 

While most all of the swimmers collect toward the light some 
may form tubes on the sides of the vessel away from the light, 
but these are much in the minority. In a watch-glass the 
swimmers go at once to the side whence the light comes. 
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RESPONSES TO SOLIDS. 


On emerging from the old tube the swimmer may not at once 
swim toward the light but glide along on the leaves of Elodea; 
such rapidly gliding Folliculina suggest planarian locomotion; 
they seem investigating the surface by bending in and about 
amidst diatoms and detritus and crawling over complex surfaces 
as if attracted by contact. After swimming to the sides of a 
vessel the Folliculina is markedly affected by contact, often at 
once ceasing to swim and beginning to glide along the surface 
of whatever nature it may be; but this adjustment to the surface 
does not necessarily dominate for long, as the animal may sud- 
denly swim free again for a short distance away from the surface 
to return again. In this way it isa gradual process of coming and 
going that finally results in the arrest of all motion on the surface 
of future attachment of the new cases. When arrested by a surface 
the animal abruptly changes form, frequently becoming spherical 
or bottle-shaped. In some cases the body is markedly flattened 
out against the surface and the form may be that of a pocket 
flask some two times as wide as thick. In gliding as in swimming, 
Folliculina may advance in jerks, or abrupt changes at very short 
intervals. 

While the free swimmer comes to rest and adheres to the sur- 
faces of leaves, paper, glass and porcelain as well as rough wood 
there are some surfaces that are less available as indicated by 


the few tubes formed on the resinous parts of the pine strips 
above referred to, and by the failure of the following experiment. 

August 5, in a region where Elodea was nearly black with 
tubes of Folliculina and many were also present upon Potamo- 


geton, plates of wax “foundation” as used by apiarists were 
suspended in wooden frames so as'to float just above the Elodea 
in five to six feet of water. In six days but three or four very 
young tubes were found on both surfaces of the two sheets of 
wax, though the tubes were scattered over the narrow wood 
frames. Ten days later the tubes were more numerous on the 
wood, but only a dozen were on the wax. 

Though these experiments were tried too late in the season to 
get a marked attachment of free swimmers yet it shows that the 
small area of wood was more effective than the greatly larger 
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area of wax, though the latter presented many facets and edges. 
To this evidence of discrimination in the surfaces settled on 
should be added the fact that the tubes were not made on the 
lowermost inches of strips of wood, even when there was no 
plant present to shade the bottom (as above described) and few 
tubes were attached to the more resinous parts of the wood, so 
that the swimming Folliculina would seem to react to various 
stimuli. 

Again in the experiments with strips of wood the tubes fastened 
to the wood both in shallow and in deep water were noticeably 
orientated with the mouth of the tube upward toward the surface 
and the tubes were prevailingly situated lengthwise in the furrows 
of the wood caused by the saw and grain. 

On the stems of Potamogeton also the tubes stand lengthwise 
and generally with the mouths upward. On leaves the tubes 
are generally more abundant upon the upper than the lower 
surfaces and often are crowded toward the edges. 

The above response to light would lead to the successive coloni- 
zation of upper leaves in the Elodea zone during the season and 
would explain the common orientation of the tubes with mouth 
upward. 

The responses to solids would lead to the rapid utilization of 
most solids as basis for attachment of tubes. But evidently 
some other factors must be concerned in the choice of certain 
surfaces, or refusal of some, and in the selection of certain sites, 
as grooves and especially the crowding into aggregates as if 
aware of one another's existence: 


AGGREGATION. 


Though isolated cases or tubes of Folliculina are common on 
leaves as well as upon material experimentally supplied in the 
open and in the laboratory for the attachment of the swimming 
forms, yet it is very noticeable that the great majority of Fol- 
liculina tubes occur in groups as if arising as colonies from budding 
or in some peculiar way associated with one another. 

While such aggregates are well shown in nature on leaves of 
Potamogeton and Elodea they can be better illustrated from the 
groups formed in aquaria on paper, glass and the surface film 
of the water. 
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In Fig. 3 is represented a fine example of an aggregate formed 
in the following way: the Elodea from the river was placed in an 
open dish with opaque sides and motile Folliculinas swarmed 
out, moved toward the light above and came to rest upon floating 
objects. In this particular case a floating coverglass of 18 mm. 
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Fic. 3. View from above of a group of 42 that are attached to a floating cover 


glass with the sacs fastened toward the observer and the tubes reaching down away 


from him. With the exception of I, 2, 4, 5, 6, all radiate out around the periphery 


of the group and most are attached in one plane. 


Camera lucida from preserved 
specimens. X 44. 


side received this one aggregate of Folliculinas and no other 
individuals at all. That is for some reason all the Folliculinas 
that came to this area of 324 sq. mm. and settled down, made 
tubes in one region of only about one sq. mm. very near the center 
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of the entire glass. In other cases such settlements are made at 
the edges, or here and there over the glass. Aggregation into 
groups is the general rule. 

It will be noted that the 42 individuals of this aggregate are 
most all in one plane, spread out over the glass and attached to 
the glass so that the flat side of the sac, see Fig. 1, is fast to the 
glass while the tube of the case rises up away from the glass at 
an angle of nearly 45 degrees, Fig. 1. Fig. 3 was drawn with 
the camera from the upper side of the cover glass to which the 
cases were attached below, so that the tubes pass downward 
from the level of the sacs. While most of the sacs stand side by 


side in one plane, some overlap and some are fastened deeper 


down in the water on top of the general stratum of sacs. It is 
noteworthy that the tubes of all the cases radiate outward, with 
few exceptions. 


Fic. 4. Side view of a group of nineteen individual Folliculinas that made these 
cases on the edge of a cover glass floating on water. While most of the sacs stand 
in a row some are behind others and some are across the general trend. A few lie 
piled upon the others. One, No. 10, is in process of escape from thetube. Camera 
ucida, preserved material. XX 55. 


Most of these forty-two are generally alike in size and structure 
of cases, and with the spirals in the same direction. The animals 
themselves are but poorly shown, since they were distorted by 
treatment with too much cocaine in attempting anesthesia; but 
they show the moniliform nuclei and the stalks of attachment to 
the bases of the sacs. 

Exceptional tubes similar to those of Wrights’ specimens are 
shown in Nos. 9, 16, 25, and 35 in which a second story has been 
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built out from the old mouth of the tube, and this aided extension 
has but imperfect spiral ridges. 

Another aggregate of only nineteen individuals is shown in 
Fig. 4, as seen from the side. This was formed in the same way 
but on the edge of another floating cover glass. The continuous 
line they are attached to is the continuous film they secreted and 
which was pulled off from the glass with all the cases in making 
this preparation. Though the thickness of the cover glass was 
but 150 uw. some sacs are placed back of one another on the end of 
the glass and so are partly hid by those in front, in the sketch. 

Others, however, as 6 and 8, are not fast to the glass but are 


built up on top of other cases. Here again the cases are densely 
crowded together with very little space not occupied and the 
tubes radiate outward from the group as a whole, though in this 


case the group has the form of a linear aggregate. 


In this preparation the animals are better preserved; No. 9 is 


about to expand outside of its tube; No. 13 is much elongated 
while in No. 10 is one caught in the act of escaping from its 
tube to swim away as the motile form without the characteristic 
long arms of the tube dwellers. 


Fic. 5. Section, 6 thick, of a group formed on surface of water, to show that 


not all are on one plane but some are piled on top of others. All are held together 


by or attached to, a common secretion. Camera lucida X 66. 


That the cases of Folliculina are not only made in contact 
with the foreign substance but also in contact with other tubes 
and above the general level is shown in actual sections of such 
aggregates. Thus in the 6yu section, Fig. 5, several cases are 
seen piled up on top of others that rest on the common basis 
which was a pellicle formed by the Folliculina on the surface of 


the water. Between some of these cases not in close contact 
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there is a mass of coagulum that binds them all together to some 
extent. 

The material binding the cases together, seen as a film in 
Figs. 4 and 5, is so tenuous and transparent as to easily escape 


notice, but when the aggregates form on the surface of the water 


it is this common basis that enables one to pick up the aggregates 


as one mass and when the leaves of Elodea die and macerate, it is 
easy to obtain innumerable aggregates falling off but each firmly 
bound into one unit by the film that underlies all the cases. 


Fic. 6. View from above of a small group of twelve formed on surface of 
water. Camera lucida X 55. 


Even such a loose aggregate as that in Fig. 6, formed on the 
surface of water is really bound into one mass that may hold 
together through all the processes necessary for section cutting, 
though in face view the film is not seen. This last figure well 
illustrates the tendency of the Folliculina to build tubes in a 
radiating group and to fill in most of the intervals in an irregular 
way. 
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Observations upon free swimmers and those making cases 
throw light upon the above groupings of the cases. The factor 
of importance in addition to the responses to light and to foreign 
objects seems to be the secretions put out by the free swimmers. 

That the swimming forms may put out considerable amounts of 
invisible and adhesive secretions was shown in various indirect 
ways. Thus when india ink is rubbed up with the water in which 
the Folliculina swims, the presence of a secretion following the 
swimmer is evident. On the addition of granular carmine, 
swimmers were seen followed by long strings of granules and 
some included diatoms trailing behind the Folliculina four times 
its greatest length. 

Again when the swimmers press upward into drops of water 
spreading up onto the edges of a procelain dish they get into 
water films of great thinness and here there seems a distinct 
film of bluish green material which remains on the porcelain after 
the Folliculinas have been removed. 

That this secreted substance must be very adhesive is to be 
gathered from several cases in which a motile form came into 
contact with the larva of some aquatic insect, apparently dip- 
terous. These larve are relatively large so that the Folliculina 
glides up and down and around the larva, whose diameter is 
much greater than the length of the Folliculina. The tendency 
of the Folliculina to remain attached to the surface of the larva 
while gliding all over it was most pronounced and its adhesion to 
it very strong, for the insect violently coiled in figures of eight 
and struggled with its legs without dislodging the Folliculina. 
When after many minutes the Folliculina left the insect a strand 
of slime was seen stretched between; presently when the insect 
came near but not into contact with the Folliculina they stuck 
together and the gliding over the surface was resumed. 

Some motile forms about to make cases in the film of water 
rising on the edge of a watch glass were bound together by fine 
threads of slightly greenish material. Observations of motile 
forms about to settle down and secrete the case, shows that they 
come to rest gradually, moving in ever smaller areas and often, 
as it were, skating about on the posterior end and then flattening 
the whole body against the substratum. One may become at- 
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tached by the posterior end and feel about like a leech and later 
swim off in a short arc to settle again. When carmine grains 
were added to the water it was evident that the animal was 
attached by the posterior end to an invisible film or raft of 
secretion that formed a pellicle over the surface of the water and 
extended out irregularly in all directions to a distance of one 
to four times the length of the Folliculina. 

These thin pellicles that moved on the water with the contract- 
tions of the Folliculina were probably made by the individual 
animals from secretions of an adhesive nature and if other Fol- 
liculina had come near they might have had their motions in- 
fluenced by this secretion so that they would have tended to 


settle down in the same neighborhood and so on till many 


individuals might become crowded together in one region and 
have all made their cases together as seen in Figs. 6, 3, and 4. 


1.05 1.08 


Fic. 7. Sketch of four successive groupings of motile forms that are settling 
down to form cases. Drawn at intervals of a few minutes from 1.05 to I.10 p. m. 


That several active Folliculina may be influenced to act to- 
gether in one region is shown by the observations illustrated in 
Fig. 7. Here four motile forms attracted to the same spot 
remained for a long time with rapid changes of form and position 
within the group but did not move away from one another's 
company. Sketched at 1.05 o'clock, the four were radiating 
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away from one another, at 1.08 a fifth animal approached but 
soon left the group; at 1.09, three were markedly flattened as 
indicated by the apparent increase in size, while at 1.10, they 
had altered positions and shapes. Such oscillations as shown in 
these five minutes might ultimately result in adjustments of 
many asin Fig.6. The common factor that restricts the motions 
to small areas may well be the secreted film that limits motions 
by its adhesiveness. The secretion of the first that put out 
material in the substratum might delay the swimming of another 
that came near by, lessening the effectiveness of its cilia, mechan- 
ically; but other more complex reactions of the second to the 
secretions of the first may be imagined. 

While the secretions made by those settling down on foreign 
bodies may somehow determine that other Folliculina crowd to 


the same region, special observations and experiments are needed 
to determine why the cases have the radial arrangement shown 
in Figs. 3, 4,6. It is noteworthy that the cases lie either side by 
side as I, 2, 3, Fig. 6, or else are so placed that their long axes 
radiate roughly from some central region. In the prevailing 


radial arrangements the anterior ends of individuals do not face 
one another but face away from one another at opposite poles of 
the radii of the group. The behavior of the motile forms indi- 
cated in Fig. 7, suggests a long series of trials or changes of 
position leading up to the final position assumed when the cases 
are made, but these animals did not make their cases for several 
hours and that seems so abnormal that one cannot rely on these 
specimens as showing the usual mode of settling down though we 
make use of them as evidence that they are held in one region by 
something which may well be the secretions. 

Possibly careful study would show that the currents set up 
by the cilia would tend to passively drive the animals into the 
radial position when the posterior end of each is held somewhat 
passive by the abundant secretion at that end; but on the other 
hand some of the groupings, and especially the arrangements of 
Folliculinas that settle down on top of a group that has already 
made cases suggest that each animal is capable of responding 
to the presence of others in some complex way, so as to avoid 
facing another, and so as to fit itself into vacancies amidst a 
group or to lie parallel to others. 
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There remain other facts that must wait further observations 
of elucidation. Why do individuals prevailingly lie along in 
grooves of the wood? Why do they collect in groups near, but 
not at the edges of leaves? Why in such cases as Fig. 4, are they 
confined to the narrow edges of the glass and not extended over 
the lower face of the glass as well? Why do they not settle on 
wax or on resinous wood? 

Possible many of these facts result simply from the reversing 
movements on receiving a stimulus; an edge to a groove or an 
edge to the leaf, or the contact with another animal or with its 
currents may bring about the same inability to advance over the 
boundary. 

Possible, again, there may be some such problems here as seem 
to exist in the earthworm in responding to angles and edges. 
The selection of the middle of the cover glass in Fig. 3, and the 
settlements along the top of leaves near the edges may involve 
some resultant of spaces travelled over after stimulation at 
edges. 

While, in a general way, the action of the motile forms toward 
light, surfaces and in their own secretions may suggest how the 
cases come to be placed as they are in nature, yet there is proba- 
bility that the phenomena are much more complex than as yet 
made out. 


SUMMARY. 


1. This protozoan occurs in the brackish waters of branches of 
the Chesapeake Bay in temporary association with the fresh 
water plants Elodea and Potamogeton. 

2. Its adjustment to the growth of these plants is brought 
about by the migrations of motile forms that escape from the tubes 
of the sessile forms. 

3. These motile forms respond to light and to solids, and these 


actions seem to keep them ever settling upon newer parts of 
the plants during the season. 

4. The motile forms add materially to the plankton during the 
summer. 


5. Folliculina appears in the early summer and disappears 
before the plants die down in the autumn, forming part of a 
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temporary community in which marine forms depend upon the 
fresh water plants for attachment and existence above the 
bottom. Presumably these animals migrate in from the salt 
water and die out every year. 


6. The peculiar groupings of Folliculina suggesting some 
common bond may be partly explained as due to the secretions 
they put forth when about to build their cases. 

7. The anatomy of the motile and sessile forms and the mode 
of formation of the case will be considered elsewhere. 
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ASEXUAL BREEDING AND PREVENTION OF 
SENESCENCE IN PLANARIA VELATA. 


C. M. CHILD. 


In an earlier paper’ the asexual life-cycle of Planaria was 
described and it was shown that senescence leads to fragmentation 
of the larger part of the body, the fragments encysting and under- 
going, like other isolated pieces, reconstitution into small whole 
animals which when they emerge from the cysts are physiologically 
young and capable of growth and repetition of the life-history. 
So far as known this is the only method of reproduction in the 
localities about Chicago where these worms are found, sexual 
reproduction never having been seen during some twelve years 
of observation. 


I. ASEXUAL BREEDING. 


In order to determine whether repeated asexual reproduction 
was possible without senescence of the stock the asexual breeding 
of the animals was begun in the spring of 1911 with a stock of 
animals collected from a temporary ditch in which the species 
was abundant. In the attempt to find suitable foods the stock 
was given varied food including lean beef, liver, kidney, earth- 
worm, fresh water mussel, crayfish, etc. In course of time it was 
found that the life-cycle could be considerably modified by 
different kinds of food and the results of the feeding experiments 
will be presented in another paper. After several months beef 
liver was found to be the most satisfactory food among those 
tested and has been the sole food of the stock since the early 
months of the experiment. 

The worms of the stock collected in April, 1911, reached the 
end of their growth period, ceased to eat and began to fragment 
two to three weeks later and the cysts being kept in an abundant 
supply of fresh water during the summer, the young animals 


1‘*The Asexual Cycle of Planaria velata in Relation to Senescence and Rejuve- 
nescence,”’ Biot. BULL., Vol. XXV., No. 3, 1913. 
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emerged during September and October and after feeding grew 
rapidly and in about a month attained full size and began to 
fragment and encyst again. The worms of the third generation 
emerged from the cysts in three to four weeks and again attained 
full size in a little over a month and fragmentation and encyst- 
ment began for the third time. 

Up to the present time this cycle has continued to repeat itself 
more or less rapidly according to the frequency of feeding. 
During the last year the animals have been fed only three times a 
week instead of every day and growth has consequently been 
less rapid. For two months in the summer of 1913 the stock 
was placed in the refrigerator at a temperature of 8—10° C. in 
order to avoid possible loss from high temperature, and during 
one month of this time the animals were not fed. This pro- 
cedure had, however, no other effect than to bring about frag- 
mentation in a few individuals and a slight degree of reduction 
from starvation. The few fragments were discarded and in 
September the animals were brought back to-room temperature, 
feeding was resumed and growth began again. 

In this manner the stock has been carried through thirteen 
asexual generations in less than three years. At present (March, 
1914) the thirteenth generation is approaching fragmentation 
and encystment. 

The stock shows no indication of loss of vigor. The animals 
which emerge from the cysts in each generation show a high 
rate of metabolism and are physiologically young and undergo 
senescence in each generation in the same way as the animals in 
nature. During the period of.breeding there has been no 
indication of the development of sexual organs so far as could be 
determined by external examination. Certainly no genital 
openings have ever developed and no eggs have been laid. 

As compared with the almost four thousand asexual generations 
of Paramecium bred by Woodruff the number of generations 
attained by this stock is small but the fact that a metazoan 
species is capable of passing through twelve asexual generations 
without any indications of sexual reproduction is of interest. 

Moreover, it is not because the animals do not become old that 
they are capable of continued asexual reproduction. It was 
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shown in the paper on the asexual cycle of this species referred 
to above that senescence is manifestly associated with growth in 
each generation and that the occurrence of asexual reproduction 
in this species is a result of the decrease in rate of metabolism 
which occurs in the course of senescence. In that paper it was 
also shown that asexual reproduction, which is essentially a process 
of isolation of pieces and their reconstitution into whole small 
individuals, brings about rejuvenescence as a result of the re- 
organization and reduction which occur in the process of recon- 
stitution. Evidently the animals undergo a regression to a 
comparatively early stage of development with each reconstitu- 
tion and it is also evident that the degree of rejuvenescence in each 
reproduction is on the average the same, for the stock does not 
as yet show any indication of a progressive senescence from 
generation to generation. 

Whether gradual, progressive senescence of the stock is entirely 
eliminated by the process of reproduction or will sooner or later 
become apparent with continued asexual breeding can of course 
be determined only by further breeding of the stock and it is 
the writer’s intention to continue the experiment as long as seems 
necessary. But the apparent absence of sexual reproduction 
in this species under natural conditions, to which attention was 
called in the earlier paper, constitutes strong evidence for the 
conclusion that the spécies is able to maintain itself indefinitely 
by asexual reproduction alone. Since it is demonstrated that 
asexual reproduction brings about rejuvenescence in this species 
as well as in Planaria dorotocephala there is no apparent reason 
why asexual reproduction should not continue indefinitely 
without sensecence of the stock or race. All that is necessary 
for the realization of this possibility is that the degree of rejuven- 
escence in each generation should be on the average the same and 
that is apparently the case. 


II. REJUVENESCENCE BY STARVATION. 

Planaria velata like P. dorotocephala and other species of 
Planaria undergoes reduction in size when starved and this 
reduction may be continued until the animal is but a small 
fraction of its original size. The reduction in size is of course 
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due to the fact that the animal uses up its own tissues as a source 
of energy and since it contains no skeleton which takes little or 
no part in reduction a very great decrease in size may occur 
before death. 

In a recent paper! it was shown that in Planaria dorotocephala 
the susceptibility of the animals and also the rate of CO, 
production increases as the animals undergo reduction from star- 
vation. These changes certainly indicate an increase in rate of 
metabolism during starvation and reduction. The only differ- 
ence between the animals reduced in size by a long period of 
starvation and young growing animals is that the starved animals 
possess almost no capacity for acclimation to low concentrations 
of KCN, alcohol, etc., while the young growing animals possess 
a high capacity for acclimation. When the starved animals are 
again fed this difference disappears almost at once and they are 
in all respects physiologically young and are capable of renewed 
growth and of repeating the life cycle. 

In Planaria velata the same increase in susceptibility occurs 
during starvation as in P. dorotocephala, the reduced animals show 
almost as high a susceptibility as young growing animals of the 
same size and when feeding is resumed this species is also capable 
of renewed growth and of once more going t’ rough the life cycle. 
The susceptibility determinations give essentially the same results 
as in starved individuals of P. dorotocephala. Estimations of 
COz production and determinations of capacity for acclimation 
have not been made for starved individuals of P. velata because 
it seemed unnecessary in view of the other facts. 

There is then no doubt that starvation and reduction bring 
about rejuvenescence in P. velata as in P. dorotocephala. The 
large old worms with low susceptibility before starvation are 
in essentially the same physiological condition after starvation 


and reduction followed by renewed feeding as young growing 


animals of the same size and are capable of repeating the life 
history from the stage at which feeding is resumed. 


1 Child, C. M., ‘‘Starvation Rejuvenescence and Acclimation in Planaria doroto- 
cephala,”’ Arch. f. Entwickelungsmech., XX XVIII, 3, 1914. 
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III. INHIBITION OF SENESCENCE BY PARTIAL STARVATION. 


If complete starvation and the resulting reduction bring about 
rejuvenescence it should be possible by feeding animals enough 
to prevent reduction but not enough to permit growth to keep 
them indefinitely in practically the same physiological condi- 
tion and so to prevent senescence. 

In 1911 a part of the stock used for asexual breeding was 
isolated in the second asexual generation after collection and 
the attempt was made to feed this stock only enough to maintain 
the worms at approximately the same size. During the early 
part of this experiment too much food was given and a few of 
the animals underwent partial fragmentation and encystment. 
All such individuals were removed from the stock and the ex- 
periment was continued with the remainder, these being com- 
pletely starved for several weeks after fragmentations occurred 
in the stock in order to reduce their size and bring them back 
into a physiologically younger condition in which fragmentation 
would not occur. Since the early part of the experiment, the 
food has been somewhat further reduced in quantity and no 
further fragmentations have occurred. The stock was small 
at the beginning consisting of some forty worms. Some of these 
were lost by the early fragmentations and since that time animals 
have occasionally crept out of the water and dried upon the 
sides of the dish and others have been lost by being removed on 
the pieces of food or have been accidentally poured out in chang- 
ing water but there have been no deaths or losses from other than 
these accidental causes. The stock now consists of five animals. 
As regards feeding the procedure finally adopted and still adhered 
to is to feed two or three times at intervals of two days, and as 
soon as the animals begin to increase in size to stop feeding for 
two or three weeks or until they are reduced to their former size. 
In this way the animals have been kept during most of the two 
years between four and seven millimeters in length. Whenever 
individuals of the stock show more rapid growth or reduction 
than the others they are isolated and fed or starved until they 
are of the same size as the others when they are again returned 
to the stock. During most of the time the stock has been fed 
with pieces of earthworm, because experience has shown that 
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with this food the animals in general attain a larger size before 
ceasing to feed and undergoing fragmentation than when fed 
with liver. But when earthworm is given in sufficient quan- 
tities senescence occurs, though its course is somewhat different 
from that of senescence with liver as food. The effects of differ- 
ent foods on the course of the life cycle will be discussed at another 
time. 

During the months of July, August and September of 1913 the 
stock was kept in a refrigerator at a temperature of about 10° C. 
in order to avoid the danger of encystment from high tempera- 
ture, and feeding during this period was of course less frequent 
since the animals were less active and required less food to 
maintain a constant size. During September they were not 
fed at all and underwent reduction to a somewhat greater extent 
than usual in the starvation periods. At the beginning of Oc- 
tober they were brought back to room temperature and since that 
time the feeding has been continued as before. 

The five worms which now make up the stock are in the same 
generation as they were two years ago and of somewhat smaller 
size, about five millimeters, than at the beginning of the experi- 
ment. They are active, behave like young animals, react very 
strongly to food and appear in every respect to be as young physi- 
logically as growing worms of the same size. Unfortunately the 
small size of the stock has not permitted determinations of sus- 
ceptibility at intervals, but judging from the activity and ap- 
pearance of the animals their susceptibility would be that of 
young animals. While these animals have remained in the same 
generation during more than two years and are to all appearances 
as young physiologically as at the beginning, in fact somewhat 
younger, since they are kept at a smaller size than when first 
isolated as a stock, the other portion of the same generation 
which was used for asexual breeding has in the same length of 
time passed through twelve asexual generations with the cycle 
of high susceptibility, growth with decreasing susceptibility, 
cessation of feeding, fragmentation, encystment, reconstitution 
in the cysts and emergence in each generation. In these partially 
starved animals the changes characteristic of the life cycle have 
been inhibited and they have remained at practically the same 
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stage while other members of the same original generation have 
given rise to twelve generations of descendants. As a matter of 
fact the animals have not actually remained at exactly the same 
stage during this time but their life has consisted of alternating 
progressions and regressions of slight extent as periods of feeding 
and starvation have alternated. 


IV. CONCLUSION. 

This partial starvation experiment affords an interesting 
contrast to the experiment in asexual breeding. The latter 
demonstrates that the animals may undergo senescence and 
rejuvenescence for generation after generation of asexual repro- 
duction without any indications as yet of progressive senescence 
of the stock. The former, on the other hand, demonstrates 
that senescence may be prevented by partial starvation for at 
least a length of time equal to twelve generations and judging 
from the present indications both experiments may be continued 
indefinitely, although the partial starvation experiment will 
finally be terminated by accidental losses, since there is of course 
no increase in the number of animals such as occurs in the 
breeding experiment. 

Senescence in these animals is evidently associated with growth 
and rejuvenescence with reduction and reconstitution and neither 


has any necessary relation to sexual reproduction. In papers 


referred to above the writer has advanced the view that senescence 
in its simplest terms consists in a decrease in rate of metabolism 
resulting from the proportional decrease in amount of the meta- 
bolic substratum and from changes in the substratum which 
retard to the chemical reactions of metabolism. Rejuvenescence 
on the other hand is an increase in rate of metabolism resulting 
from the removal of inactive or less active substance and from 
changes in the substratum which permit a higher rate of reaction. 
Growth and differentiation bring about senescence and reduction 
and reconstitution bring about rejuvenescence. The facts of 
the present paper constitute further evidence in support of this 
view and show not only that the rejuvenescence of old animals is 
possible without reproduction of any kind but also that senescence 
can be prevented or at least retarded so as to be inappreciable 
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for a long period of time by preventing growth and the later 
stages of differentiation. 


SUMMARY. 


1. Planaria velata has been bred asexually through thirteen 
generations in less than three years without any indications of 
progressive senescence in the stock. In each generation the 
animals have passed through the following cycle: reconstitution 
and rejuvenescence in the cysts, emergence as physiologically 
young, small animals, growth and senescence with feeding, 
cessation of feeding, fragmentation and encystment. During 
the period of breeding none of the animals have ever become 
sexually mature. 


2. Starvation and reduction being about an increase in rate 
of metabolism and the reduced animals after renewed feeding 
are in the same physiological condition as young growing animals 
and are again capable of growth and senescence. 

3. Senescence has been inhibited or so far retarded as to be 
inappreciable in a stock of Planaria velata during more than two 


years by partial starvation. During this time the animals have 
been kept at approximately the same size and in approximately 
the same physiological condition, viz., that of half grown animals, 
and no reproduction has occurred. During the same period 
another stock of animals collected at the same time and originally 
in the same generation has been fed and bred asexually and has 
passed through twelve generations. 

4. In this species neither sexual nor asexual reproduction is 
necessary for the production of young individuals from old. 
Senescence is associated with growth and differentiation and 
rejuvenescence with reduction and reconstitution. In the 
asexual cycle senescence and rejuvenescence alternate and ap- 
parently balance each other, at least during thirteen generations 
and probably will continue to do so indefinitely. 
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AGREEMENT AMONG THE ANIMALS OF AN 
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I. INTRODUCTION. 


On the basis of literature, naturalistic observation, and pre- 
liminary experiments the writer has several times stated (13) 
that a physiological agreement exists among the animals of 
animal communities. The object of this investigation was to 
determine the extent and character of such agreement with 
particular reference to the rapids community of a large creek. 
It is the purpose of this paper to show that, considering the 
community as a whole, there is (1) a general agreement in reactions 
to certain factors, (2) disagreement in respect to factors differing 
in intensity vertically and (3) a sharp difference between different 
communities. 

The rapids community was selected for detailed study because 
it was anticipated that the animals were governed mainly by 
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mechanical stimuli which lend themselves to experiment more 
readily than many others. The pool community was studied in 
a preliminary way to bring out the difference between different 
communities. 

Over two hundred experiments were performed by Chas. W. 
Finley and the writer working independently. It was originally 
hoped that these might be used in this discussion but the difficulty 
of adjusting conditions to which eight or more entirely different 
animal species can respond, is great, and finally the use of the 
first lot of experiments as a basis for comparison was decided 
to be impracticable. This was due to faulty conditions which 
gave bad results in the case of one or more species. However 
these experiments gave a close knowledge of the behavior of each 
species, so that when accurate methods were devised only 
sufficient experiments to give typical results proved necessary. 
These show experiments were conducted with much care and 
are the only ones presented. 


II. MATERIAL. 


The material used were the species found habitually in rapids 
and pools of Hickory Creek at New Lenox, IIl. (Shelford '13). 
All the material used in the show experiments was collected in 
late September, October, and November, 1913. It was kept 
in as near natural conditions as possible in running lake Michigan 
water with gases at saturation. Most of the material used had 
been collected within three or four days but in a few cases material 
one week old was used. Several of the species in question occur 
outside of habitats of the type from which they were collected 
for these experiments. These relations are given below. 


RaPips COMMUNITY. 


Etheostoma and Cambarus occur among and under stones. Goniobasis on stones, 
Hydropsyche on and under stones. The remainder under stones. 


Ss a nee abitz . : i 
Species, oo aa Occasionally. in Rarely in 


Etheostoma coeruelum Raf Pools of streams..... . Lakes and large streams 
Cambarus virilis Hag.......... RI Ss ics wi alare a Lake Mich. (Harris ’03) 
Goniobasis livescens Me........Sandy bot lakes..... Veg. pool (Shelford ’13) 
TEPGIDOORE GO ao oop cca cncncs Cn shells in moderate 


current Veg. in moderate current 
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Be PER. «2... 0058s 0s 
Yl 
Heptageninae........... 
Psephenus 


iuebaasae Shores large lakes. 
Shores large lakes. 


8 


Fics. 1-8. General form of rapids animals. Drawn on the same scaie; all 
about natural size; seen from the side slightly above. 1, the rainbow darter 
(Etheostoma coeruleum Raf.); 2, crayfish (juvenile) (Cambarus virilis Hag.); 3, 
snail (Goniobasis livescens Mke.); 4, caddis worm (Hydropsyche); 5, damsel fly 
nymph (Argia sp.); 6, stone fly nymph (Perla sp.); 7, mayfly nymph (Hepta- 
genine); 8, water penny (Psephenus sp.). 


Poot COMMUNITY. 


The fishes live in the open water or in the shade of the scattered vegetation. 
Calopteryx rests on the vegetation. The rest burrow in the bottom. The species 
studied were not selected carefully as representative but were merely collected 
from pools. 


Species, Usual Habitat : 5 
Sand-bottomed Pools, Occasionally on or in Rarely in 


Notropis atherinoides Rat. Mud bottom. Lakes and ponds (Forbes 


and Richardson '08). 
Hybopsis kentuckiensis Rat Mud bottom 


Ambloplites rupesiris Rat. Large streams. 


Lakes and ponds. 


Calopteryx sp.. 


Campeloma subsolidum Ant.....Mud bottom 
Anodontoides ferussacianus Lea..Lakes........ 


Sphaerium striatinum (?)......Lake Mich. (11 meters). 


Side views of each of the animals (Figs. 1-16) studied show the 
radically different ways in which the animals receive stimuli 
such as current, horizontal light, etc. 
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Fics. 9-16. General form of the pool animals. 9, Shiner (Notropis atherin- 
oides Raf.); 10, River chub (Hybopsis kentuckiensis Raf.); 11, Rock bass (Amblo- 
plites rupestris Raf.) 12, Damsel fly nymph (Calopleryx maculata Beauv.); 13, River 
snail (Campeloma subsolidum Ant.) 14, Burrowing dragon fly nymph (Macromia 
sp.); 15, Mussel (Anodontoides ferussacianus Lea) 16, Small bivalve (Sphaerium 


sp). The fishes were juvenile. All are drawn on the same scale. 
Ill. REACTIONS TO CURRENT. 
1. METHODs. 
The tests were made in an Allee Straight Current apparatus, 
Fig. 17, the trough of which is 11 cm. wide, 7 cm. deep and 68 





Fic. 17. Allee’s straight current apparatus. 


cm. long. Pieces of sctcen (32 meshes per inch) were placed 
across each end adjacent to the round reservoirs. The screens 
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confined the animals in the central portion of the apparatus. 
Thirty-three centimeters above the bottom of the trough and 
12-15 cm. from the respective ends were two 4-c.-p. carbon 
filamentlamps. The control box was placed alongside the current 
trough and kept cool by streams of water. 

Water flowed into the left-hand well from the supply pipe. 
The rates of flow were determined by measuring the amount of 
water that flowed through the trough in cubic centimeters per 
second. This was divided by the average area of the cross 
section of the water flowing through the trough, which gives 
the velocity in cm. per second (Finley’s method). The velocity 
is determined by (a) the volume flowing into upper well per unit 
of time, (b) depth of water in trough, and (c) angle of slope. 


VELOcITIES USED AND FACTORS CONTROLLING THEM. 


Degrees Devia- Velocity in 
Volume per sec. Depth in Cm. tion from Level Cm. per Second 
200-250 C.c....... oo we iOnSi 4-6 


500-000 C.c..... cow ccvhe SS. 10-12 


2) 
§—-3:5 eee .. 16-20 


500-6000 c.c. : oom 


With very few exceptions five individuals were used. In 
each case the animals were poured into the center of the trough 
and readings begun after the animals had adjusted themselves to 
the current. This time differed greatly with different species, 
to a less extent with different lots of the same species. The 
differences between different species are due largely to different 
speeds of movement. Variations of the second kind were in 
strong current and due to the particular way in which the animals 
floated against the lower screen. The length of time before 
the first reading is given in general terms for each species. 


2. SPECIFIC PECULIARITIES OF BEHAVIOR IN WATER CURRENT. 
(Time before first reading given in brackets.) 
Rapids Community. 

Etheostoma (Fig. 1) [15-30 sec.]. Rest on bottom head up 
stream, move by darts, positively thigmotactic, often rest against 
lower screen and often forced against it in very strong current. 

Cambarus (Fig. 2) [15-30 sec.]. Creep on bottom. 

Goniobasis (Fig. 3) [30-40 min.]._ Amount of activity is largely 
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determined by current and light. Controls show little or no 
activity. 

Hydropsyche (Fig. 4) [2-10 min.]. Strongly thigmotactic; the 
majority often did not leave the screen, and in some experiments 
they showed little positive orientation so several experiments 
were performed and an experiment which represented our general 
experience with them was selected for tabulation. Their tubes 
nearly always face the current in the rapids of streams (Wesen- 
berg-Lund '11) and in experimental conditions where they are 
allowed to spin. They appear to have a greater efficiency in 
the current than any other of the species studied. When 
poured into a 60 cm. per sec. current, one out of three individuals 
succeeded in obtaining silk attachment and moved upstream 
I cm. per min. on a comparatively smooth wooden bottom. 
With the tubes once constructed they are secure against anything 
but floating objects. . 

Argia (Fig. 5) [2-5 min.]. Awkward in current. Orients well 
in very weak current due to large gill plates which act like a 
weather vane. 

Perla (Fig. 6) and Heptageninae (Fig. 7) [5-30 sec.]. Both 
good runners; both crouch close to the bottom, especially the 
latter. 

Psephenus (Fig. 8) [3-15 min.]. Slow to orient but very effi- 
cient in current. 


Pool Community. 


Notropis (Fig. 9) [immediately]. Swims constantly. 

Hybopsis (Fig. 10) [immediately]. Swims and rests on bottom 
with head up stream. 

Ambloplites (Fig. 11) [immediately]. Swims constantly; in 
strong current the fishes are thrown sidewise against the lower 
screen and cannot dislodge themselves. 

Calopteryx (Fig. 12). Variable time to first reading—began 
when one left lower screen. 

Campeloma (Fig. 13) [30 min.]. Good efficiency against current 
on account of large foot. Inactive in very strong current. 

Macromia (Fig. 14). Apparently indefinite. Sometimes mov- 
ing up or down in the trough; frequently resting for long periods 

ith the posterior end up stream. 
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Anodontoides (Fig. 15). Moves in the direction headed. 
Spherium (Fig. 16). Moves in the direction headed. 


3. MertHop oF READING. 


At the time of each reading the number of animals headed 
up stream within approximately 16 degrees of the direction of 
the current was counted positive. Those headed down stream 
were counted negative; those not falling within an arc of ap- 
proximately 32 degrees of the total possible orientations for both 
positive and negative were counted as indefinite. Mollusks with- 
drawn within their shells and other animals lodged against the 
screen were counted as inactive or out of the experiment. Read- 
ings were taken fifteen seconds apart; fifteen seconds being suf- 
ficient time for individuals of all the species to orient at least 
once, most of them several times. In nearly all cases twenty 
readings were taken. With the exception of the snails, ten 
readings were taken, then the animals were disturbed, loosened 
from their footing, and after a short period they were read ten 
times again. 

4. ProGress Up STREAM. 

The preliminary experiments, especially those of Mr. Finley, 
showed that all the species make definite progress up stream. 
This results from (a) positive orientation and (b) movement. The 
amount of movement up stream differs for different species and 
for the same species under different conditions. Thus positive 
orientation, the first essential to up stream movement is the more 
significant. 


5. TypicaAL RESULTs. 


The diagrams illustrate typical orientation results, in per cent. 


of total. The upper diagrams (Fig. 18, 19, 22, 23, 26, 27) give 


per cent. positive, negative, indifferent and inactive (or on the 
screen, shown blank). Since inactive individuals and individuals 
on the screen cannot be regarded as responding to the current, 
the lower diagrams (Figs. 20, 21, 24, 25, 28, 29) give per cent. of 
active individuals showing positive, negative, and indefinite 
orientation. The data on the active individuals were used as a 
basis for comparison. Since Anodontoides and Spherium move 
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in the direction headed, the diagrams are of perfect chance 
indefiniteness, counting an arc of thirty two degrees of the 
possible circle of orientation as covering respectively positive 
and negative trials. 

Comparing first the reactions of the rapids animals to the 
different velocities, we note that the positive orientations in the 


STRAIGHT CURRENT 


4-6 CM. PER SEC 
HYDROPSYCHE OR RAPIDS COMMUNITY SAND-GRAVEL BOTTOM OR POOL COMMUNITY 
PER CENT O10 30 30 40 50 60 70 80 90 100 —= 20 30 40 50 ° 70 80 90 100 
ETHEOSTOMA _— —— ———— = 
CAMBARUS 
GONIOBASIS 
HYDROPSYCHE 
ARGIA 
PERLA 
HEPTAGENINAE E 
PSEPHENUS 
PER CENT O40 20 40 50 60 70 80 90 100 

nos, —— Bf ets) 

er TB ee eed 
CAMBARUS = IMM Ups ep 

ce te aa) ma 
GONIOBASIS SSUES 

Sadie 
HYDROPSYCHE. —===e===te=seetammia 111111] mE ES 

L aliseleelieedelie bind) 


Smee pepe om a ae 
— AL ene ee er 


eed 
HEPTAGENINAE Ease UTD 15331253 
re 

PSEPHENUS 


a a 


ORIENTATION — POSITIVE f=} NEGATIVE [J] —‘NOEFINITE no actiity [—] 


Fics. 18-21. Showing reactions to 4-6 cm. per sec, current in per cent. positive, 
negative, indifferent, and inactive (18-19) and in per cent. active individuals posi- 
tive, negative, and indifferent (20-21). The rapids community (18) shows a 
large percentage of inactivity while the percentage of active positive (20) averages 
less than 50. The animals of the pool community were nearly all active. The 
first four non-burrowing species are strongly positive. It thus appears that 4-6 
cm, per sec. is near the optimum for pool species. Temperature of water in experi- 
ments: Rapids animals 16° C.; pool animals 9° C. 


4-6 cm. per sec. current are only a little greater than the negative 
and indifferent, excepting Argia which is thrown into line by the 
action of the current on the gill plates. The amount of activity 
was different for the different species. 
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In the 10-12 cm. per sec. current positive orientations (Figs. 
22-24) are increased at the expense of the negative and indefinite 
while the same difference is further emphasized in the 16-20 cm. 
per sec. current and this without any material increase in the 
number of individuals resting on the screen. 

16-20 cm. per sec. represents the flow to which the swift 
stream species appear best adapted. In this current the per 
STRAIGHT CURRENT 
10-12 CM. PER SEC 
HYDROPSYCHE OR RAPIDS COMMUNITY =e BOTTOM OR POOL COMMUNITY 

reh CENT O10 20 30 40 50 6) 70 80 90 100 S zoe ee Te © 
ETHEOSTOMA =e A oa 2S SSF 

a 
CAMBARUS 
GONIOBASIS 
HYDROPSYCHE 
ARGIA 


PERLA 


PER CENT 01020. 30 40508070 80 90109 mt 
ETHEOSTOMA = ; Steg N0TROPIS 


Ct eet tt ttt 
CAMBARUS §= Me HYBOPSIS 
alan leeleateale talon et LT 


bafta AMBLOPLITES 


CALOPTERYX 


o 7) - Lk ee em ae 
PSEPHENUS + Mita SPHAERIUM 
ORIENTATION PosiTive f= NEGATIVE []]) — INDEFINITE no activity [__] 


FIGs. 22-25. Showing reactions to 10-12 cm. current in per cent. positive, 
negative, indifferent, and inactive (22-23) and per cent. of active individuals posi- 
tive, negative, and indefinite (24-25). Here there is more activity among the 
rapids animals and Jess among the pool animals than in the 4-6 current. The 
percentage of active positive is much higher in the case of the rapids animals. 
Temperature as in Figs. 18-21. 


cent. of active is more nearly the same for the different species 
(compare Fig. 28 and 24 with 20). These figures show a re- 
markable uniformity of positive reaction, over 93 per cent. for all 
but Psephenus and Hydropsyche, which are most efficient in 
clinging and less active otherwise. They are thus ecologically 
equivalent to the rest of the animals living under stones. 
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Comparing the rapids community with the pool community 
which was studied only briefly and the results added here to 
make the work on the rapids community clearer, we note that 
the greatest activity was apparently in the 4-6 cm. per sec. 
current (compare Figs. 19-23 and 27). None of the animals were 
washed against the screen. All were active except Anodontoides 


STRAIGHT CURRENT 


16-20 CM. PER SEC. 
HYOROPSYCHE OR RAPIDS COMMUNITY SAND-GRAVEL BOTTOM OR POOL COMMUNITY 
PERCENT 19 20 0 10 20 30 40 50 
ETHEOSTOMA [ieee ——— | x ame NOTROPIS 
OS —— <==] | ‘| = | Ud] HYBOPSIS 
AMBLOPLITES 
HYDROPSYCHE ae ae Ee St nae | | | | CALOPTERYX 


aces 
ARGIA : ; an Fal | | CAMPELOMA 


ha 
PERLA = = =| | |__| MACROMIA 


HEPTAGENINA: mee] ANODONTOIDES 


PSEPHENUS EE = 2 = SPHAERIUM 


PER CENTO 10 20 10 20 30 40 50 6 79 
ETHEOSTOMA ee —— = — = = = | = => 

Pee Rede Eee wt a 

ee ee tee gr 

Ce teks te ca ae | 


ey CALOPTERYX 


eet er age dS | 
ARGIA & = == CAMPELOMA 


eal ea tt TT 
PERLA =i TT] macroma 


HEPTAGENINAE 
rseenenus == CICCOLO senvcnum 
ORIENTATION POSTIVE ===] = eGaTive [I = NDEFinite no actwity [—] 


NOTROPIS 
CAMBARUS HYBOPSIS 
GONIOBASIS AMBLOPLITES 


HYDROPSYCHE 


Fic. 26-29. Showing reactions to 16-20 cm. current in per cent. positive, neg- 
ative, indefinite, and inactive (26-27) and per cent. of active individuals positive, 
negative, and indefinite (28-29). There was a large percentage of activity 
among the rapids animals and a small one among the pool animals, due in the 
case of the latter to inefficiency in the current. The rapids animals here show 
the greatest per cent. of active individuals positive (compare with Figs. 18-25). 
Temperature as for Figs. 18-20. 
and Spherium, which moved in course of 24 hours but in the 
direction in which they happened to be headed. The condition 
indicated in the diagram is for a chance orientation allowing 
16 deg. on either side of the direction of the current as respectively 
positive and negative. 


In the 10-12 cm. current (Fig. 23) the amount of activity still 
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remains large but the wide rock bass was forced against the 
lower screen. Campeloma was less active. Macromia and Ca- 
lopteryx were washed against the screen. Anodontoides and Sphe- 
rium showed activity as usual. 

In the 16-20 cm. per sec. current only Notropis held out against 
the current for the five minutes during which the readings were 
taken. The other fish were swept against the screen very soon 
as were the other animals except Anodontoides which was in- 
active. Thus judging from (a) the amount of activity, (b) the 
efficiency and (c) the number of positive orientations, the 4-6 cm. 
per sec. current is probably nearest the optimum for the pool 
community. 


IV. REACTIONS TO BOTTOM. 
1. METHOD. 

The tests were made in a dead black dark room under a hood 
of black sateen which permitted observation from between the 
symmetrically placed 4-c.-p. lamps clamped in a narrow slit 
(Fig. 30). The experimental boxes were two bread pans 10x31x50 


\ 


\ 
% 
Tin 


Por CTIETTTITIT 


Fic. 30. Showing the water tray and hood in which the pans were placed in 
the study of reactions to bottom. The observations were made through the slit 
between the lights. 


cm. The bottom of one was entirely covered with beeswax, 
one half of the other with sand and the other half with 
wax into which the Warsaw Co.’s quartz dust numbers %, 1 
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114, 2, 2% had been beaten to give a surface like stone. These 
two pans were placed side by side beneath the lamps which were 
25 cm. apart and 28 cm. above the bottom. Water flowed 
around the pans and kept them at a temp. of 14° C. Water 
in the pans I to 2 cm. deep. 


2. SPECIFIC PECULIARITIES. 
Rapids Community. 

Etheostoma and Cambarus readings every 30 sec. begun at once. 

Goniobasis: 40 watt tungsten lamps were substituted to in- 
crease activity and the experiment was read every half hour 
(due to inactivity). The animals were placed in a row on the 
boundary between sand and hard material, in some cases so that 
they would extend and come incontact with the sand in others, 
with the hard material. When they became active, they crept 
from the sand to the hard bottom in all cases and usually turned 
back when moving from the hard bottom to sand. The reaction 
to sand and hard bottom in this species was influenced by 
reactions to gravity because while the sand and hard bottom in 
the experiment were at the same level the foot settled into the 
sand enough to make the hard bottom higher and the mollusks 
tend to crawl upward. The results are legitimate because in 
their natural habitat the animals can avoid sand by this means. 

Hydropsyche. Readings every minute, begun after 3 min. 
They often. turned back on reaching the sand and were more 
active while on it. 

Argia. Readings every minute, begun after three minutes. 

Perla. Readings every minute, begun after one minute. 

Heptageninae. Readings every minute, begun after one min. 
Turn back on reaching the sand. 

Psephenus. Readings every minute, begun after five minutes. 
The animals are evidently much irritated by the sand as they 
wave the thin margins of their bodies about, walk high on their 
legs and when once in contact with the hard bottom they come 
to rest and cling for days if not loosened. 


Pool Community. 


Notropis, Hybopsis, and Ambloplites apparently do not react 
to bottom when in small experimental boxes. 
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Calopteryx does not react sharply to bottom in these tests as 
it clings in vegetation particularly in sand bottomed pools but is 
frequently found on sand bottom. 

Campeloma, Macromia, Anodontoides, and Spherium.—After 
creeping about for some time in the unnatural conditions of the 
experiment, come to rest, burrow in the sand, in most cases with a 
small portion of the body protruding. Spherium burrows well 
only in the presence of a current. 


3. TYPICAL RESULTs. 

In the rapids community we note that there is a striking avoid- 
ance of sand by the animals living below the stones; less striking 
by those living on and among the stones. There is then a general 
agreement in the preference for hard surface and avoidance of 
sand. The animals of the pools all show a large preference for 
sand especially those living on the bottom; Calopieryx in the 
preliminary experiments showed no preference for either end but 
is for some reason commonly associated with sand. Since the 


fishes did not react to bottom in such small space it was necessary 
to draw, by way of predicting the character of response, data 
calculated from collections by Forbes and Richardson (’08). 
Here relations to mud and sand and rock are not clearly separated 
but the preference clearly includes sand for the majority of 
cases. The data in Fig. 34 shows the extent to which the 
tabulated animals burrow. 


4. REACTIONS TO STONES. 

The reactions of the animals to stones were tested in the 
apparatus described for the bottom experiments. Two pans 
with waxed bottoms were placed side by side under the hood. 
In one half of one was placed a number of irregular pieces of 
quartz I X2 inches and a number of pieces about 4 of an inch in 
diameter. Ten individuals of each rapids species were placed 
in each pan and left in entire darkness. A one candle power 
lamp was turned on for the readings. The percentage of animals 
found under, on and among stones is shown in Fig. 33. The 
preference for stones was strong. Only the darters, crayfishes 
and Argia showed an avoidance of the stones in 20 per cent. or 
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less of the trials. All the other species were among the stones, 
either on or under as indicated in the diagram. 


BOTTOM 
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Fics. 31-34. Show the reactions to hard vs. sand bottom and to loose stones 
vs. wax bottom in per cent. of total. Fig. 31 shows the per cent. of rapids animals 
on sand and hard bottom, a large preference for the latter being evident. In the 
case of the pool fishes results of the experiments were unsatisfactory and as further 
tests had to be abandoned on account of cold weather the data of Forbes and 
Richardson ('08) is included to indicate what the probable results of experimenta- 
tion will be. It will be noted that the preference is quite generally for sand, rock 
and mud occupying a much smaller portion than sand. Fig. 33 shows the relation 
to rocks on a wax bottom. Negative reaction to rocks is small. A striking agree- 
ment is shown in the general preference for stones. Fig. 34 shows the relation of 
the animals of the pool community to sand bottom with reference to burrowing. 
Here again the breeding data of the fish is taken from literature to indicate what 
might be found experimentally. Experiments performed at 14° C. 


ANODONTOIDES 


Fig. 34 shows further probable relations of the pool animals 
in such bottom experiments. The fishes usually bury their eggs 
and other species excepting Calopteryx bury the body in the 
sand. 
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V. REACTIONS TO LIGHT. 


SpEciIFIC PECULIARITIES—General Results of preliminary 
Experiments performed. 


A large number of experiments was performed with light. 
Diffuse day light, tungsten lamps, Nernst lamps, with and 
without the cylindrical lens were used so as to obtain variations 
in direction and intensity. Since some of the animals react to 
intensity, some to direction and not to intensity, and since some 
readily move out of strong light while others tend to stay out 
of it, special methods were demanded. 

The general characters of the reactions of different species 
are given below. 

Etheostoma appears indefinite to light of the intensities used. 
Individuals make no recognizable response to either direction or 
intensity. 

Cambarus does not react sharply to ordinary differences of 
intensity or todirection. In general they appear slightly negative 




















to strong daylight often resting with the anterior end in the lighter 
parts. In an intensity gradient they back into the dark when 
the water or the apparatus are jarred which may account for 
their apparent negativeness, under experimental conditions in 
which the surrounding medium is disturbed. Finley found that 
they turn back from white paper used in making records. 

Goniobasis appears positive to direction and to all intensities 
of room light when intensity accompanies direction and in Fig. 
38 is believed to be less strongly positive than the animals usually 
are due to slowness of movement. 

Hydropsyche is apparently indifferent to intensity; reacts posi- 
tively to direction. 

Argia does not react to intensity, orients negatively to direction 
reversing soon in some cases. 

Perla starts into greater intensity and turns back; orients neg- 
atively to direction when a light is turned on. 

Heptageninae—orient negatively to direction at first but quickly 
reverse in high intensity. Do not react clearly to intensity. 
Turn back on encountering strong light. 
Psephenus is negative to direction, less so to intensity. 
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FIG. 35. Shows the light grader in which the experiments were performed. It 


is in all essentials like that described by Mast ('11), p. 61. A 132-watt lamp was 


used. The heat screen of distilled water, the gradient box and reflecting mirror 
are shown. 

Fic. 36. Shows the plan of the experiments. The light gradient was focused 
at the horizontal line and the rays diverged slightly as indicated by the diverging 
lines. G is the glass plate to confine the animals from the dark corner. A, B, and 
C are the positions in which the bottomless cylinder was placed to confine the 
animals, before readings. The portion of the box to the right of the C was in 
essential darkness. 
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Pool Animals. 


Notropis swam quickly about but spent most of its time in 
the medium and light thirds. 

The other two species of fish and Calopteryx spent most of 
their time in the darker third while the other species were not 


active. 


2. Mertuops oF SHow TEsTs AND TypPICAL RESULTs. 


The final tests or show experiments were made in a Yerkes 
light grader such as is described by Mast (‘11 p. 61), (fig. 35). 
A 132-watt Nernst lamp was used 50 cm. from the lens (with a 
triangle of 70 mm. base and 82 mm. altitude) and the experimen- 
tal box (5 cm. wide by 25 cm. long) was turned at an angle of 
45 degrees to the direction of the light and with the nearest corner 
at the focal point of the lens and at the left end of the gradient 


field. A glass plate (G of Fig. 36) was placed across the corner 


DRAIN 
FiG. 37. Showing the relation of the hollow-walled glass-sided experimental 
box. The water came from the supply pipe, passed through the coil which rested 
in a vessel of water kept hot by a bunsen burner. The flow and gas were readily 
adjusted to give any desired temperature within experimental needs. The water 
passed from the coil to the hollow wall of the light box. It was necessary to empty 
the box often and when this was done the flow was temporarily turned out through 


the drain nearest the coil without changing the rate of flow. 


to prevent the animals from moving into the darkness. The 
experimental box had glass sides and metal ends. All parts not 


made from glass were painted dead black and the light which 
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passed through the box was. reflected by a 45-degree mirror into 
the end of the grader box against dead black paper. The experi- 
mental box was made from copper with hollow bottom and ends 
which could be attached to:a water tap by means of a hose. 
(Fig. 37). The water in these tests was kept at 14°C. by passing 
it through a coil immersed in water kept hot by a Bunsen burner 
(Fig. 37). 

Aside from the general facts stated below and culled from the 
preliminary experiments all the experiments were performed with 
5 individuals of each species placed in the 45 deg. box in the 
following manner. A small board was placed in front of the 
lens so as to shut off all light from the experimental box. A 
bottomless glass cylinder just fitting inside the box was placed 
in the position A of Fig. 36. Five specimens were poured into 
the cylinder. A board with a hood and I-c.-p. lamp which 
lighted the sheet of paper on which the records were made but 


which threw very little light into the room was used in recording 


LIGHT 
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FiGs. 38 AND 39. Showing the reactions of the animals in the light gradient in 
percentage in the thirds. Note differences related to the level at which the animals 
live. Experiments performed at 14° C. 


results and when all was in readiness the board in front of the lens 
was dropped and the cylinder removed in the same motion of the 
arm. Readings of the position of the animals in the thirds of 
the box were taken every 30 sec. up to a total of at least forty 
readings. In the case of some animals like Psephenus which 
move less rapidly after a short time, the number of readings was 
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increased and the time between them lengthened until the animals 
took up a characteristic position. The experiment was repeated 
with five other individuals confined in the center positions (B of 
Fig. 36) and again with five more confined in the dark portion 
(C of Fig. 36). The last 20 readings of each series A, B, C, were 
averaged to give the results shown in Figs. 38 and 39. In Fig. 
38, we note that (1) the animals living under the stones in rapid 
water selected the darker portion of the gradient box; (2) Hy- 
dropsyche which is found under and on stones (in alga) is less 
negative to the intensities used than those always under the 
stones; (3) Goniobasis which always lives on stones is more 
positive than any of the others; (4) Cambarus in these undis- 
turbed conditions showed a slight excess percentage in the 
strongest light; (5) the darters were indifferent remaining in the 
third in which they were confined. 

The animals of the pool community behaved very differently. 
Notropis was quite positive while the other fishes and Calopteryx 
which are associated with vegetation were quite negative. The 
Mollusca and Macromia were inactive. 


VI. SUMMARY AND DISCUSSION. 


Figs. 40 and 41 are introduced to show the character of the 
agreement and disagreement in the rapids community and the 
fact that the pool community is different and remains unsolved. 
Noting first Fig. 40, we see a noteworthy agreement in reaction 
to bottom (a preference for hard bottom which means avoidance of 
sand) and tocurrent. Those living on or under stones (including 
Hydropsyche were found largely on stones in alge) were under 
stones in general darkness. Goniobasis which lives on stones was 
found on stones in the experiments. Etheostoma and Cambarus 
which live among stones are found among stones. Thus we have 
vertical disagreement in the matter of relation to bottom. 


Turning to reactions to light we find a comparable difference. 


Animals living beneath stones show a preference for weak light, 
those on stones medium light, and those among stones strong 
light. If we were to study out the community in full we would 
find that reactions to many other factors would be of importance. 
The formation of associations (Wodsedalek, '12) no doubt is of 
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importance. There is agreement in reaction to factors of prime 
importance and disagreement in respect to factors differing 
strikingly in the different situations in which the animals are 
living within the community. 

The diagram for the pool species is introduced to show how 
strikingly it differs from that of the rapids community. Though 
agreement is not indicated here, our experience with the reactions 


of pool fishes and invertebrates to chemical differences in water, 
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Fic. 40. Showing the agreement and disagreement of reaction of the rapids 
community. Note agreement of reaction to bottom and current and disagreement 
of two other reactions, related to the level at which the animals live. Each re- 
action is represented on a scale of 100 and if no other factors entered in the total 
should be 400 and the space all occupied. For strong agreement in positive re- 


actions to stones see Fig. 33, p. 307. 


suggests that such differences may be of much importance to all 
the species. 

The difference emphasized by the presence of two types of 
reactions not shown in the other charts, namely, a strong prefer- 
ence for bottom involving sand (see Fig. 32 for details in case 
of the fishes) and burrowing which are reactions not shown by the 
rapids species at all. The non-burrowing species are positive 
to current, the burrowing species do not respond within ordinary 
lengths of time. The reactions to light show much more sharp 
negativeness than in the case of darters and crayfish. The 


community is clearly unsolved as far as agreement is concerned 
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and a large amount of experimentation would be necessary to 
determine suitable tests for these animals and then all the 
animals from both communities should be put through all the 
tests new and old. A series of new tests must be added for each 
new aquatic community and all the old tests must be so modified 
as to secure good response from all the animals. Thus the labor 
involved in comparing a number of communities is great. 
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Fic. 41. Showing suggestions as to the probable agreement and disagreement 
of the reaction of the animals of the unsolved pool community on a basis of a total 


ot 300, introduced to show the striking differences between communities 


VII. SUMMARY OF CONCLUSION. 


1. The animals of an animal community are in agreement in 
the reaction to certain intensities of two or more factors. These 
reactions may be used io designate them. Thus the rapids 
community may be designated as litho-rheotactic meaning that 
the animals are arranged with reference to current and stones of 
considerable size. 

2. Animals living inthe same or comparablesituations within the 
community habitat are in agreement with respect to factors not 
concerned in the general agreement and the animals of different 
situations react differently to these additional factors. Similar 
differences are the physiological basis for strata and consocies 
though the small number of species makes the latter not easily 
distinguishable here. 
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? 


3. Single species found in any community occur in other 


situations where they are governed chiefly by stimuli toward 


which there is not agreement of reaction throughout the com- 
munty to which they primarily belong. 


HULL ZOOLOGICAL LABORATORY, 
UNIVERSITY OF CHICAGO, 


February 20, 1914. 


BIBLIOGRAPHY. 


Forbes, S. A. and Richardson, R. E. 
’08)«=6The Fishes of IIL, N. H. Surv. of Ill., Vol. IIL., Ichthyology. (Ill. St. Lab.) 
Harris, J. A. 
’03/ ~An Ecological Catalogue of the Crayfishes belonging to the genus Cambarus. 
Kan. Univ. Science Bull., Vol. II., No. 3. 
Mast, S. O. 
’r1 Light and the Behavior of Organisms. New York. 
Morgan, Anna. 
’r3/ A Contribution to the Biology of May Flies. Ann. Ent. Soc. of Am., 
Vol. VI., No. 371-413. 
Shelford, V. E. 
’r3) Animal Communities in Temperate America. Chap. II. and VI. Chicago. 
Wesenburg-Lund, C. 
’11 Biologische Studies iiber netz spinnende Trichopteren larven. Inter- 
national Revue der gesammte Hydrobiologie und Hydrographie, Biol. 
Supl., IIl. Series, 1 Hefte, pp. 1-64. 
Wodsedalek, J. E. 
’r2. The Formation of Associations in May fly Nymphs, H. interpunctata, 
Jour. An. Beh., Vol. II., No. 1. 











